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PREFACE 



This second edition of “Applied Energy Conversion^’ represents essen¬ 
tially a new book; it is retitled as “Power Station Engineering and. 
Economy” to describe more pointedly the scope of the text. This new 
edition retains the essential aim of the ^rst edition in emphasizing prin¬ 
ciples of operation rather than minute details of design of equipment. 
Power-apparatus design can be better learned in the actual practice of 
equipment building, in plant-design engineering groups, and in operating 
and maintenance organizations. 

Major progress in the field of power engineering since the first edition 
required updating the book. In surveying the users of the first edition, 
we found a demand for more depth and wider scope in outlining the 
elements of a power-generating system as represented by the wide variety 
of today’s power plants. Accordingly the book has been reorganized and 
thoroughly rewritten. 

As in the^first edition, this new book examines the power plant from 
the raw energy input to the rotating-shaft energy output. It follows 
the well-established tradition of covering the area of responsibility of the 
mechanical engineer. The equally important electrical aspects of the 
power plant have been left for other texts. ' 

The rapid growth of our population has led to the development of a 
wide variety of systems to supply a number of urgently needed services. 
The power plant is probably the first device in our industrial civilization 
to work as an automatic integrated system of interlocked elements. 

This book assumes that the reader has a background knowledge of the 
l)asic engineering sciences of thermodynamics, heat transfer, and mechan¬ 
ics. In dealing with the power-plant system the text has been divided 
into five major parts: 

I. Energy processing 

II. Steam power plants 

III. Internal-combustion plants 

IV. Hydro and meteorological plants 

V. Power economics 


Part I covers the basic practical elements of energy sources, power 
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cycles, heat transfer, and combustion. These basic sciences form 
working foundation of the modern thermal power station. 

Part II covers the main and auxiliary elements of the steam power plant 
and their integration. Chapters on individual tj^es o equipment aid in 
understanding their operating principles, which leads to an appreciahm. 
of the behavior and limitations of the complete power-p ant syste^ 
This part includes a chapter on the rapidly developing field of a i^idc 
variety of nuclear-fueled power plants. Today nuclear 
not of practical importance, except m military applications, but t y 
undoubtedly will be playing an important civilian role m another ge - 
eration. The forward-looking engineer educates himself early in a gro 

'’^plrfnidiscusses the two types of internal-combustion stations: (1) 
reciprocating engine and (2) gas turbine. Though the *0*^1 ^ 

i-c stations is only about 2 per cent of the total m the United States they 
are important numerically, being of the same order as steam stations^ 
Continuing development of these engine types attests the need of the 

power engineer to keep abreast of the field. 

Part IV covers hydro and meteorological generating plants. From a 
practical standpoint the former is the most important and t^pe 

of this group in producing mechanical shaft power. The concepts 
solar energy^idal power, wave power, wind power, and t-restnal-hea 
power plants are interesting though of minor importance now. .^^^h ^ 
diminishing reserves of fossil fuels these concepts can be of crucial impor- 

tance in the next century. . n x 

PartV on Power Economics, remains essentially as in the firs e i 

We believe it still is the only comprehensive discussion of introductory 
engineering economics applied to power generation to 
lisLd. A brief discussion of the probability theory as applied to dete - 
mining optimum power-system capacity has been added, since thi 
method is finding .increasing acceptance in practice. This area of V 
study of energy supply should be enlarged in our engineering curricula 
because of its urgent importance in professional engineering 

Recognizing the importance of opportunities to apply newly learned 
principles, the book continues to include an ample number of problems 
at, the end of each chapter. 

The book has been witten for the needs of courses of study in power 
plants for junior and senior engineering students. In addition, we 
Llieve that many practicing power engineers and plant operators will 
find the text valuable as a working reference in power-plant theory and 

'^'^Wr^rindebted to many friends, students, and associates for their 
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which helped to shape w^hat we believe to be a better and 
mere useful book. The authors are particularly grateful to Professor 
Walter S. Kut for his aid in re\'iewing Part III and to the mechanical 
engineering department stafi at Cooper Union for their willing aid in 
preparing the manuscript. 

Bernhardt G. A. Skrotzki 
WiLLrIAM A. VoPAT 
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ENERGY PROCESSING 









CHAPTER 1 



RAW ENERGY 


1-1. Importance of Energy. A most casual look at our civilization 
hliows the important part played by the supply and control of energy. 
Many functions necessary to present-day living grind to a halt when the 
Hupply of energy stops. While electric power is a common form of 
(uiergy used in the home today, there are other forms used industrially 
and domestically. Energy may be sold Uke other commodities at so 
much per unit quantity. 

Electrical and mechanical energy are manufactured commodities, 
just like tangible items such as clothing, furniture, or tools. All manu- 
fiuituring activity processes raw materials as found in nature into forms 
more useful for human use. Production of electrical and mechanical 
(uuu’gy is similar, entailing the processing of natural raw forms of energy 
Into more useful forms. It differs in one important respect: other manu- 
fiKiturcs may be processed at will and consumed as needed, but energy 
muHt be processed from the raw form and transmitted to the point of use 
iit« the instant it is needed. The entire process takes only a fraction of a 
WMiond. This instantaneous production introduces technical, economi¬ 
cal, and political considerations unique to the electric-power industry. 

liaw energy in falling water, in deposits of coal, oil, and gas, and in 
(ua’tairi types of refuse has yielded most readily to control and is applied 
commercially today. The amount of energy that may be extracted 
from a given source depends on its nature and the way it will be used. 
When it is used for space heating, a large portion of the raw energy may be 
converted to heat; however, when it is used to perform mechanical work, 
tlic laws of thermodynamics limit the amount that may be so converted. 

I )eHpite the many practical forms of energy conversion from fuels and 
water power persistent efforts are being made to extract energy from the 
wIikIh, Holar radiation, and the fissioning of uranium. Such conversions 
have been experimentally realized, with uranium showing the most 
proiniHO. Winds have been used for many years as a source of mechanical 
Clici'ay, but their use for electric generation in central-station systems is 
nI'III an experimental subject. 

l-2i Energy Consumption. As technology advances, the consumption 
uf imergy steadily rises. Figure 1-1 shows the energy consumed annually 
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in the United States since 180J and the form in which the energy was 
supplied. In 1800 most energy was used for heating, supplied by burn¬ 
ing wood. A minute amount of hydro power supplied shaftwork for 
milling and other needs. Coal supplied only about per cent of the 
heating energy. Power engines were unknown except for some crude 
forms of steam engines. 

Wood supplied the major energy share up to about 1890. Coal use 
began growing as an energy source about 1850. Oil and natural-gas use 
began growing after the Civil War. Coal reached its peak consumption 



Fig. 1-1. Energy consumption in the United States increased many fold since 1800. 
Central stations use little more than 10 per cent of total. 

during the two world wars. Oil and natural gas supply the major 
share of energy today. 

Hydro generating stations supply the smallest share of energy today, 
on the order of 1 per cent. Wood still plays a significant part in supply- 
iug energy, mostly in the form of wood wastes. 

To give scale as to the use of all this energy, two curves in Fig. l-l, for 
the years 1949 to 1954, show the amount used as motor fuels and as fuels 
lor (central generating stations. The motor fueLs^ gasoline and diesel 
oil power Americans automobiles, buses, and trucks. The central- 
station fuels include coal, oil, gas, and wood. 

Viguvc 1-2 shows the trend of total energy consumption in the Unittul 
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States, comparable with Fig. 1-1, on a semilogarithmic plot. The dotted 
line superimposed on the lower curve shows a long-term conservative 
t/i'end in annual consumption. The dash-dot line shows the optimistic 
trend drawn through the peaks of energy consumption. Based on the 
latter, energy consumption in 1980 will be about 50 per cent more than 
in 1955, but conservatively only about 20 per cent more. 

The upper curve of Fig. 1-2 shows the annual per capita consumption 
of energy in the United States. Increasing mechanization since the 
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t'lfj. i-2. Long-term trend of energy consumption in the United States shows decrease 
in the rate of growth, lower curve. Upper curve shows rising rate of energy use per 






Hidirt of the twentieth century shows a rising trend, while the nineteenth 
(■(Mitury stayed at a nearly constant level. 

1-3. Central-station Energy. We are primarily concerned with cen- 
t inl-st.atioB generation of electricity, which consumes only about 10 
per of the total energy used annually in the United States. This 
industry started only a few years before 1900 and has expanded rapidly 
iyyvY since. Figure 1-3 shows the installed capacity of central stations 
Hiinie 1900 and an optimistic forecast of future installations. 

The amount of energy produced annually by a station depends on how 
hard it is worked. Since there are 8,760 hr in a year, each kilowatt of 
capjicity could theoretically produce 8,760 kwhr in 1 year. But since 
driniindH for electricity vary from hour to hour, the total capacity of a 
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station is used only tor a few hours in any one year. On the average a 
kilowatt of capacity produces much less than 8,760 kwhr* Ingure 1*4 
shows the annual generation per kilowatt of capacity since 1900* The 
rising trend of tliis curve reflects the increasing number of uses found for 
electrical energy. 

Central-station electrical generation is only an intermediate step in 
the supply of electricity for a wide variety of uses. Figures 1-5 and 1-6 
show a schematic suggestion of the mining, conversion, and transmission 
of energy to the ultimate consumer. Mineral fuels must be removed 
from underground strata by mining or pumping, then cleaned or refined 



Fig. 1-3. Central-station installed capacity showed steady growth since 1900. Future 
demands for electrical energy indicate need for doubling capacity every 8}^ to 10 
years in the future. 


and transported to the generating station. Here the fuel gives up its 
energy for conversion to mechanical energy and then electrical energy. 
Finally, in electrical form the energy travels to the ultimate consumer 
over established circuits. 

The central-station designer must assure himself of having enough fuel 
to meet the needs for the life of the plant. He also must place his plant 
so that fuel-transportation and electric-transmission costs are balanced 
to get a minimum over-all cost. These factors must be considered, 
together with many others that ive shall meet in this book. 

A power plant is a complex assembly of equipment. For a long time 
tlesigners have dreamed and hoped for simpler methods of converting 
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fuel energy into electricity without the intermediate steps of heat transfer 
and production of mechanical energy. Thermocouples seem to offer a 
glimmer of hope, but to date they have not produced more than minute 
amounts of electrical energy. Fuel cells now being investigated in 
laboratories seem to offer some promise. Fuels burned in special cells 
under controlled conditions develop ionized particles. These can be 
collected at electrodes to produce an electric voltage and sizable currents. 
Much research still needs to be done in this area. 

Nuclear energy has fired the imagination of power producers because 
of the tremendous amount of uranium that seems to be available. By 



r’lG. 1-4. Increasing need for electrical energy through more hours of the day causes 
1 kwhr of central-station capacity to produce more kilowatthours in 1 year. 


1900 there will be nearly a million kilowatts^ capacity of nuclear-powered 
(•(uitral stations producing electricity in the United States. These are 
all experimental, however, because electrical energy produced by these 
I)hints will cost several times that generated by conventional fossil-fuel- 
fired plants. Concentrated development efforts probably will make 
uranium-fueled plants competitive in the future. 

Within the last few years the fusion bomb achieved the conversion of 
matter to energy by fusing the nuclei of heavy hydrogen and tritium to 
n^kiase enormous amounts of energy. Scientists dream today of applying 
this process to practical power production. Our sun and stars use this 
process to produce their almost unlimited energy. 

Heavy hydrogen exists in sea water at the ratio of 1 in 6,000 hydrogen 



























































ft 


d 

td 


+ 


i' 


d CO 

d 



8 


RAW ENERGY 


9 


atoms and would cost about $140 per pound of heavy hydrogen to pro¬ 
duce. This assures an unlimited and very cheap supply of nuclear fuel. 
The practical problems make this energy source a likely one in only the 
distant future. To start the reactions in the heavy-hydrogen plasma, 
it must first be heated to at least 100 million degrees Fahrenheit, and, 
to produce power, its temperature must rise to about 700 million degrees 
Fahrenheit. This compares with the boiler-furnace temperatures on the 
order of 3000 F that we use in our present-day power plants. 


COAL 

1-4. Coal Fields and Locations. Modern steam boilers burn coal in 
any of its forms as a primary fuel. Coal developed from vegetable 
matter which grew in past geological ages. Trees and plants falling 
into water decayed and produced peat bogs. Gigantic geological 
upheavals buried these bogs under layers of silt. 

Soil pressure, heat, and movement of the earth's crust distilled off 
some of the bog's gaseous matter to form brown coal, or lignite. Con¬ 
tinuing subterranean activity reduces the coal's gaseous content pro¬ 
gressively to form different ranks: peat, lignite, bituminous, and anthra¬ 
cite. They have formed in many sections of the earth's crust and to a 
great extent in the United States. Figure 1-7 shows the coal deposits 
in this country. 

1-6. Coal Composition and Analyses. Coal has these components dis¬ 
tributed throughout its mass: (1) coal substance, (2) mineral matter, and 
(3) moisture. The coal substance consists of many organic compounds 
of carbon, hydrogen, and oxygen derived from the original vegetable 
matter. The exact composition varies but does not affect practical coal 
burning. The mineral matter to some extent was in the original plant 
fibers. Water, which percolated through the peat bogs and coal seams, 
contained dissolved salts and deposited most of the mineral content of 
the coal. The moisture content of coals, often called “mechanical 
moisture," means water retained by the coal. To analyze a coal for 
these three contents is not useful or feasible. Ultimate and proximate 
analyses are used instead. 

The ultimate analysis shows the chemical elements that comprise the 
coal substance, together with the items ash and moisture. The analysis 
HH made by a chemist shows the following components on a weight- 
|)(ircentage basis with symbols as indicated: 

C = carbon S = sulfur 

H = hydrogen A = ash 

0 = oxygen W = moisture 

N — nitrogen 
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Fig, 1-7. Various ranks of coal are found in many areas of the United States. {Courtesy of Keystone Coal Buyers Manual.) 
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The moisture W is the liquid mechanically entrained by the coal. The 
ash A is the substance that remains after coal has been burned completely. 
It differs somewhat from the weight of the mineral matter, whose water 
of hydration is lost and whose iron pyrites content oxidizes during burn¬ 
ing. The ash item also includes any foreign matter as clay, slate, or dirt 
that may have fallen into the coal. After burning coal in a furnace the 
sohd refuse consists of this ash plus some unburned combustible material. 

In the ultimate analysis the sum of the percentages is 100 since oxygen 
is found by difference after the other items have been determined. Ulti¬ 
mate analyses may be shown on three different bases—“as-received,'^ 
“dry-coal,” and “combustible.” When all the items are shown, it is an 
ultimate analysis on an as-received or “as-fired” base. An analysis on 
the dry-coal basis shows the following items as a percentage by weight: 

C+H+0+N+S+A=m 

It is calculated from the as-received values by dividing each of the 
as-received items except W by the factor 1 — (TV/100). 

Example 1-1. A bituminous coal has the following as-received analysis: 

C = 80,5 >8 = 1.2 

H = 4:.l A = 5.3 

0 = 3.0 W = 4.4 

N = 1.5 

(Calculate the analysis on the dry basis. 

Solution. Use the factor 

1 - ^ = 0.956 

Dry-basis analysis: 


c = 

80.5 

84.2 

0.956 “ 

H = 

4.1 

4.3 

0.956 

0 = 

3.0 

3.1 

0.956 

N = 

1.5 

1.6 

0.956 

.Sf — 

1.2 

1.3 

o — 

0.956 

A = 

5.3 

5.5 


0.956 



100.0 


The combustible basis shows the following items: 

C + ^ + 0 + iV-|-AS=100 

'riui values arc obtained by applying the factor 1 — (W + A)/100 to 
lUi) as-recoivod analysis. Samples of coal generally lose moisture until 
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an equilibrium is established with the air moisture. If a coal is so 
affected and then analyzed, we have an "air-dried” analysis which shows 
all the items, but with values^slightly different from the as-received basis. 
The percentage values for all the different bases always add to 100. The 
ultimate analysis in its various forms is used for combustion calculations, 
coal comparisons^ and classifications. 

The proxifiKite analysis of coal shows the following factors on a weight- 
percentage basis with symbols as indicated. 

FC = fixed carbon ^ 

VCM = volatile combustible matter W = moisture 


This analysis is easily made. The ash and moisture items are the same 
as in the ultimate analysis and are obtained by completely burning and 
drying a sample of coal. The volatile combustible matter is found by 
heating and weighing a sample in a standard test until the volatile gases 
and moisture are driven off. Fixed carbon is figured by difference, 
FC = 100 ~ W - A - VCM, and the percentages always add to 100. 

The proximate analysis may be given also on the as-received, dry, or 
combustible basis. Any form of this analysis usually has a separate 
item showing the percentage of sulfur in the sample. The proximate 
analysis gives more of a physical picture of the coal and is simple to 
determine. It is used in some classifications and helps in predicting the 
behavior of coals during the actual combustion process. Empirical 
methods for converting a proximate to-an ultimate analysis have been 
established. A knowledge of the source of the coal together with 
assumptions as to its nitrogen and sulfur content is necessary in addition 
to the proximate analysis. Very little practical use is made of these 
conversions. Table 1-1 shows th^ range of values for ultimate and 
proximate analyses of some coals. 

An analysis of coal, useful in coal classifications, showing composition 
of the coal substance as distinct from moisture and mineral matter, can 
be obtained by the Parr formulas. This analysis shows the percentage 
of fixed carbon and volatile matter in the true coal substance. The sense 
of fixed carbon and volatile matter is the same as m the proximate 
analysis, but they relate only to that part of coal containing no moisture 
or mineral matter. This analysis is on the “moisture- and mineral- 
matter-free,” or “unit-coal,” basis. The formulas are 


FC - 0.15S ^ 

Dry, Mn-free, fixed carbon, % = ^qO - (W + 1.08A + 0.55S) 

Dry, ikfn-free, volatile matter, % = 100 — dry, Mn-free FC 
Moist, Mn-free, heating value, Btu per lb 


Btu - 50S 

100 - (1.08A + 0.55iS) 


X 100 
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where Mn 
FC 
W 
S 
A 
Btu 


mineral matter 
as-received fixed carbon, % 
as-received moisture, % 
as-received sulfur, % 
as-received ash, % 
as-received heating value, Btu per lb 
A brief extract of some typical ultimate and proximate analyses is given 
in Table 1-1. These are from the U.S. Bureau of Mines. Note that the 
hydrogen and oxygen of the ultimate analysis include these elements 
present in the mechanical moisture. 


Table 1-1. Analyses of Typical American Coals 


State 

County 

Proximate 

Ultimate 

Biu per 
lb 

rfloeiveri 

W 

VCM 

F€ 

A 

C 

// 

0 

N 

S 

Anthracite 

Vti .. 

AtjiMkai, , . , . , 

Sehuylkill 
Bering River 

2.ao 

7.43 

i.ie 

6.SG 

88,21 

71.35 

7.83 

H.36 

84.36 

70.10 

1.89 

3.71 

4.4Q 

9.76 

0.63 

1.50 

0.89 

0.57 

1 

13,298 

11,801 

Semianthracite 

l^u . 

Sullivan 

Montgomery 

3.38 

4.80 

8.47 

10.12 

76. G5 
67.05 

11.50 

18.03 

78.43 

69.27 

3.58 

3.91 

4.86 

7.50 

1.0 

0,66 

0.63 

0.63 

13,150 

U,961 


Semibituminous 


Fayette 

3,71 

23.53 

69.37 

3.39 

82.06 

5.14 

7.14 

1 .47 

0.80 

14,306 

Somerset 

1.10 

15.80 

75.69 

7.41 

81.08 

4.20 

3.56 

1.3fi 

1 ,40 

14,499 

Pitkin 

0.06 

21 49 

68.93 

8.62 

79.61 

4.66 

' t ,76 

1.83 

0.52 

14,330 


Bituminous 



niilo . 

Jefferson 

3.53 

37.45 

49.90 

9.12 

71.66 

5.15 

9.29 

1.31 

3.47 

13,072 

Ill . 

Saline 

7.81 

83.54 

50.27 

8.38 

67 40 

5.31 

15.11 

1.44 

2.36 

12,418 

Inwa. 

Wapello 

8.24 

30.74 

45.02 

16.00 

59.32 

4.81 

13.40 

0.94 

5.03 

LI,027 

UaiiN. 

Atchison 

6.95 

35.70 

45.16 

12.19 

62.74 

5.25 

10.74 

1.04 

8.04 

11,905 

lull . 

Pike 

12.11 

34.19 

46.87 

6.83 

65.57 

5.70 

19.32 

1.14 

1 .44 

11,952 

N.Mi'x . 

McKinley 

12.29 

34.58 

46.14 

6.99 

63.31 

5.82 

22.22 

i .03 

0.63 

11,252 

Si] bbi tu minoi i s 

1 iPih . 

Bumniiit 

M.20 

36.00 

44.80 

5.00 

61.40 

5.79 

25.31 

1.09 

1.41 

10,630 

W,VM 

Rcrtik SpriiigB 

is.m 

29.17 

47.85 

4,12 

58.90 

5.64 

29.34 

1.45 

0,49 

10,283 


Lignite 


.. 

ITouatun 

34,70 

32.23 

21,87 

11.20 

39.25 

6.93 

41. IJ 

0.72 

0.79 

N 1 Uik. . . 

Wjlliams 

44 17 

23.79 

20.28 

5.76 

36.11 

7.28 

49.66 

0.63 

0.56 
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1-6. Coal Properties. The moisture, ash, and sulfur contents of coal 
are undesirable because of their effects on transportation charges, furnace 
operation, and corrosion of^etal surfaces. Coal has other properties 
that require evaluation. They are (1) heating value, (2) ash-fusion tem¬ 
perature^ and (3) grindahility. The higher heating value HHV is deter¬ 
mined either by calorimeter measurements, which give the most accurate 
values, or by Dulong's equation: 

HHV = 14,544(7 + 62,028 - 

where C, 0, *Sf, are from the ultimate analysis in pounds per pound of 
coal. The equation gives fairly accurate results for anthracite and the 
better bituminous coals, but results for low-rank bituminous coals and 
lignite are in error. Higher hearting values of coal range from 11,000 to 
about 14,000 Btu per lb. 

Lower heating values are found by deducting, from the higher heating 
value, the heat needed to vaporize the mechanical moisture and the 
moisture formed when a fuel burns. This total moisture equals W 9H. 

Ash-fusion temperature is found by a standardized test wherein ash 
samples are heated in a furnace. Since the ash first softens and then 
melts, several values of temperature from initial deformation to fluid 
temperature may be obtained. The value commonly given for a coal 
refers to the fluid temperature. 

Grindability of a coal is shown by a number based upon some arbitrary 
tests that indicate the ease with which a coal may be pulverized. At 
present two methods—the Hardgrove and the U.S. Bureau of Mines 
ball-and-mill method—are approved by the American Society for Testing 
Materials (ASTM). * 

Some attempts have been made to evaluate other coal properties 
significant in the combustion process. These are the “coking,'^ “cak¬ 
ing,” “free-burning,” “friability,” and “clinkering” properties. 

Coking refers to the ability of the coal, when heated, to evolve volatile 
matter. A somewhat porous solid of fixed carbon and ash remains, which 
is called “coke.” The formation of coke may be accompanied by the 
coaks becoming sticky, with pieces adhering to each other. A coal 
acting in this way is a caking coal. One that burns without this caking 
tendency is a free-burning coal. A friable coal breaks into smaller 
pieces when handled. Clinkering refers to a formation of ash which, 
through softening, fuses together to form a hard and often large lump 
that clogs combustion equipment. In general, no precise measurements 
of these properties have been made. 

1-7. Coal Classifications. A number of methods for classifying coal 
have been developed. These methods as related to power plants are, 


8 > 


-h 4,050S Btu per lb 
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in general, based on rank, size, and source. Figure 1-8 on the com¬ 
bustible basis shows in a general way the progressive change from peat 
to anthracite and graphite carbon. The bulk of the coal burned in power 
plants is in the bituminous grouping. Ralston’s method of classifying 
coal is shown in Fig. 1-9. This is a trilinear plot of various ranks of coal 
on an A-, TF-, A-, and S-hee basis. Any point shows percentages of 



Approximate Rank Composition 


|q<j. 1-8. As coal ages, right to left, volatile-matter percentage decreases and fixed- 
carbon percentage increases. 


Per cent oxygen 



1-9. Ralston's chart of coal classification shows that the hydrogen content of 
coaln decreases slowly from the original plant to the bituminous rank, while oxygen 
(|ccr(^asc8 rapidly and carbon increases. Beyond the bituminous rank hydrogen 
(It'crt'ascs as carbon rises. 

f', //, and 0 that add to 100. The plot shows the various ranks of coal 
within fairly well-defined areas. The most recent method is the ASTM 
tentative standard shown in Table 1-2, based on physical properties, 

IM'll ting value, and the moisture- and mineral-matter-free basis. Coal 
eaii he obtained in various sizes. 

'The United States has deposits of all the different ranks of coal. 
l*'ignro 1-7 shows their distribution. Most anthracite lies in a limited 
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UNBROY PROOBBBING 


TaBMO 1-2. CliABfllFIOATION OP CoALB BY IIaNK® 
(ASTM Designation D388-38) 


1. Higher rank coals, fixed carbon more than 69 per cent, volatile matter less than 

31 per cent 


Class 

Group 

Fixed 
carbon,** 
per cent 

Volatile 
matter,** 
per cent 

I, Anthracite. 

1. Meta-anthracite 

98-100 

0- 2 


2. Normal anthracite 

92- 98 

2- 8 


3. Semianthracite 

86- 92 

8^14^ 

II. Bituminous.... . 

1. Low-volatile 

78^ 86 

14-22 


2. Medium-volatile 

69- 78 

22-31 


2, Lower rank coals, fixed carbon less than 69 per cent, volatile matter more than 

31 per cent 


Class 

Group 

Limits of Btu** 

II. Bituminous. 

3. High-volatile A 

4. High-volatile B 

5. High-volatile C 

1. Subbituminous A 

2. Subbituminous B 

3. Subbituminous C 

1. Lignite 

2. Brown coal 

14,000 or more 
13,000-14,000 

11,000-13,000« 
11,000-13,000/ 
9,600-11,000 
8,300- 9,500 
Less than 8,300' 
Less than 8,300* 

III. Subbituminous. 

IV. Lignitic. 



“ This classification does not include a few coals that have unusual physical and 
chemical properties. 

** Fixed carbon and volatile matter (dry ATn-free basis). 

^ Calorific value on moist ilfn-free basis. 

Nonagglomerating; if agglomerating, classify in low-volatile group of the bitumi¬ 
nous class. ^ 

^ There are three varieties of coal in the high-volatile C bituminous coal group: 
variety 1, agglomerating and nonweathering; variety 2, agglomerating and weathering; 
variety 3, nonagglomerating and nonweathering. 

■ ^ Both weathering and nonagglomerating. 

^ Consolidated. 

^ Unconsolidated. 

region in eastern Pennsylvania. Various bituminous coals and lignite 
lie to the westward and southward. Coals are often designated by the 
field, vein, mine, or county from which they come instead of by rank. 

From data gathered by exploratory drilling, geologists make estimates 
as to our coal reserves in the United States. Table 1-3 gives the latest 
published estimates for the reserves as of Jan. 1, 1953. Total con- 
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mmption of bituminous and lignitic coals during 1953 in the United 
Rliitos added to 426,798,000 tons. At this rate of consumption our coal 
renouroes would last for (950 X 10‘')/(0.427 X 10®) = 2,220 years. 


Tablb 1-3. Estimated Coal Reserves in the United States as op 

Jan. 1, 1953 


Coal rank 

10“tons 

Corrected to 
13,000 Btu per lb, 
10® tons 

Per cent 

Estimated 
heating value, 
Btu per lb 

Antliracite.. 

7 

7 

1 

12,7(K) 

llttutuiiLODs.. ...... , 

525 

545 

64 

13,500 

Nulibituminous .......... 

186 

136 

15 

9,500 

bignite. 

232 

119 1 

20 

6,700 

'Potal. 

950 

807 

100 



Table 1-3 lists all the coals and assumes they can all be removed. 
Actually many of the beds and veins are too thin to warrant mining. 
11) many of the mining operations pillars of coal must be left standing to 
mipport the roof so a substantial part of the reserve will not be com- 
uuirchally recoverable. Table 1-4 shows the estimates for all the mineral 
fuels, on the basis of the commercially recoverable and of the total 
potential. 


'I'able 1-4. Estimated Recoverable Mineral Fuels of the United States 

AS OF Jan. 1, 1953 


Fuel 

Reserves, 10^* Btu 

Per cent of total 

Proved and 
commercially 
recoverable 

Total 

potential 

Proved and 
commercially 
recoverable 

Total 

potential 

(Wl. .. 

5,117 

20,469 , 

90.3 

84.0 

Petroleum and natural-gas 





liquids... 

198 

423 

3.5 

1.7 

Natural gas. 

200 

487 

3.5 

2.0 

bitumen from bituminous sand¬ 





stone . 

4 

8 



Oil from oil shale. 

150 

3,000 

2,7 

12.3 

Total.. 

5, (hi!) 

24,387 

100.0 

100.0 


Coal by far exceeds the other mineral fuels in our resources. But 
l^'ig. 1-1 shows that we use more oil and gas, about 26 quadrillion Btu 
in 1953. On this basis these fuel resources would last or 21, years. 

I’his short period need not alarm us—yet—because oil discoveries keep 
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pace with the rising consumption. Since 1910 we have just about always 
had a 15- to 25-year reserve in sight. In addition techniques are being 
developed to convert coal Ifo oil. When petroleum runs short, its price 
will rise and so make the coal-oil conversion economical. 

Rough estimates of uranium resources show that this nuclear fuel will 
probably represent about 95 per cent of all our mineral-fuel energy. 
Much development is needed to make uranium fuel economical. 


OIL 

1-8. Oil Fields and Locations. Figure 1-1 shows the major importance 
of oil and gas as a fuel source for the United States. Oil is the larger of 
the two. Refining petroleum or crude oil produces our fuel oils. Petro¬ 
leum comes from many areas in the United States. 

Several theories have been offered to explain the origin of petroleum; 
the most plausible assumes that it is decayed marine life, both vegetable 
and animal. Several times during past geological ages the sea has partly 
covered our present continent. This allowed accumulating dead marine 
carcasses and vegetable matter for millions of years. Between floods 
sediments covered the deposits. Pressure and heat caused by movement 
of the earth's crust transformed these deposits into oil. 

Oil deposits accumulate in voids in the rocks and sands below the 
earth's surface. Oil generally has an underlying body of water and 
pockets of pressurized natural gas above. Fairly dense earth strata 
cover most deposits. Oil wells drilled through this layer penetrate the 
deposits. The pressure forces the gas and oil to the surface. After 
the pressure has diminished, the oil must be pumped. 

Figure 1-10 shows the oil fields ift the United States. Petroleum may 
be a paraffinic type, an asphaltic type, or a mixed-base crude. The 
designation depends on whether a paraffin wax, asphalt, or a mixture 
of the two remains after distillation. Paraffin-base oils lie in the eastern 
part of the Eastern district, with some in the Rocky Mountain district. 
Asphalt-base oils are found in the other regions. 

1-9. Oil Composition and Analysis. Petroleum is a mixture of many 
organic compounds, principally of carbon, hydrogen, and oxygen. No 
attempt is made to analyze the oil for these compounds for power-plant 
work; instead an ultimate analysis is used. This shows the percentage 
by weight of the elements present: 

C — carbon N = nitrogen 

H = hydrogen >S = sulfur 

0 = oxygen 

Regardless of the crude-oil source, its composition is fairly uniform within 


dak. 
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Fig, 1-10. Oil fields concentrate in certain areas of the United States. 
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close limits. Approximate values are 


C = 83-87% 0 + N = 0-7% 

H = 11-16% S = 0-4% 

Moisture and sediment contaminate all oils to some extent. These 
items may be given in the analysis. 

Crude oil, or petroleum, is seldom used as such. A refining process 
produces gasoline, kerosene, gas oil, lubricating distillate, and a residual 
oil, tar, or petroleum coke. These in turn arc processed to produce the 
wide array of petroleum products found on the market. The products 
in general are motor fuels, kerosene, fuel oils, lubricating oils, paraffin, 
asphalt, and coke. Oils used for fuels are of the following types; 

1. Topped crudes. Petroleum which through weathering has lost some 
of the lighter oils, or oil from which the gasoline, kerosene, and gas-oil 
fractions have been removed. 

2. Distillate fuel oils. Oil distilled off lad,ween the kerosene and 
lubricating-oil fraction. 

3. Residual fuel oils. Oil left over after most of the lighter fractions 
have been removed. 

4. Blended fuels. Mixture of any or all of the foregoing fuels. 

5. Refinery wastes. Sludges or tank cleanings resulting from the 
distillation process. 

1-10. Oil Properties. Petroleum or any of its derivatives is usually 
analyzed on the basis of physical ratfier than chemical properties. These 
are: 

1. Specific gtavily. Expressed in terms of an arbitrary scale in degrees 
API (American Petroleum Institute) or degrees Baum6. These are 
uniform scales on hydrometer floats used for their determination. Rela¬ 
tions between scales and specific gravities are: 

^API 
^Be 

For many practical purposes the two scales give essentially the same 
numerical values. A quoted API or Baume degree of an oil implies a 
temperature of 60 F. A^alues determined at other temperatures are 
adjusted to 60 F by correction tables such as the National Standard 
Petroleum Oil Tables.* 


141.5 


sp gr (60 F/60 F) 

140 

sp gr (60 F/60 F) 


- 131.5 


- 130 


National Bureau of Standards Circular C154. 
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'J. Ilmling value. The liiglor heating value ranges from about 18,000 
|iO 10,500 litu per lb, Empirical equations giving approximate values 
are iiHcd. '^J''h(^ following appliiis to heavy cracked fuel oils: 

ilHV 17,645 + 54 X °API Btu per lb 

il. b lash point and fire point. The temperature at which oil vapor 
(liiHheH or burns steadily; used in relation to ignition and storage hazards 
ol' oil. 

I. I our point. lh(i low(!st t(unp<u*ature at wliic^i oil flows; of use in 
IMiinping and flow of oils. 

5. Viscosity. Useful in any of several standaj'd units in connection 
with atomization and pumping of oil. 

6. Sulfur content. In w<4ght perc<‘ntag(q useful wilili r(4'ererice to 
corrosion of plant e(|uipm(mt. 

7. Moisture and scdtnicnt. Weight or voluincr percentage; useful in 
the liring of oils. 

H. Specific heat. Variem wilh tcunperature but for usual values is 
aboui; 0,4 to 0.5 Btu p(U' lb-°h’; ustal in oil heating problems. 

0. Coefficient of voluminal expansion. Varies with temperature, but 
ilHiinJIy about 0.0004 per d(^gr(‘(! Fahrenheit;* used in oil purchasing and 
storage, since! oil is boughl; by volume usually expressed in terms of 42-gal 
barri'ls, 'riu! eeiuai ion used is 

Vt - Ko[l + 0.0004(i - to)] 

where 1\ — volume ai t(!mp(!rature t, °F 
l^l “ volume! a,t temperature ^o, °F 

10. (*tir/>ou remdue. Test indicating carbon-forming characteristic of 
an oil; used in oil burning. 

'I’lu! foivgoing properties are all determined from standardized labora- 
teu-y Ivsts given in references. These references must also be used if 
exact valu(!s of properties are needed for a given set of conditions rather 
than th(! av(!rage values shown above. 

^11 Classifications. Fuel oils are specified in terms of the U.S. 
Mui<!a,u of Standards grades 1 to 6, where No. 6 is the usual power-plant 
lut‘l. I^ach grade has certain ranges of values of some of the various 
prop<'rtii!S listed previously. They are given in the extended classifica- 
(ion of j,h(! Bureau. Other specifications are sometimes used, among 
I lami b(!ing the bunker fuel oils, grades A, B, and C, for the United States 
goveinm(!nt. lable 1-5 shows the ASTM specifications for the six 
gnul<!H of fuel oils. 


See AS 1 IVl Designation D206 for precise correction factors. 












Table 1-5. Detailed Requikements for Fuel Oils' 


f 



If 
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NATURAL GAS 

1-12. Gas Fields and Locations. Natural gas has a geological history 
Himilar to that of petroleum. About one-third of the natural gas pro¬ 
duced today is found with petroleum. The pressurized gas forces the 
oil to the surface when a well taps the strata. 

Figure 1-11 shows the main gas fields in the United States. Natural 
gUB proves an economical fuel for many areas. Long-distance pipe lines 
carry it for distances as far as from Texas to the New England states. 
Compressor stations along the pipe lines move it, as needed, to the market 
ureas. 

About 15 per cent of natural gas is used domestically, another 6 per cent 
does heating in commercial enterprises, and only about 10 per cent fires 
central-station boilers. The remainder is used industrially for making 
carbon black, refractories, glass, and cement and in metal refining and 
oil refining. Natural gas outranks oil in producing electrical energy in 
central stations. 

1-13. Gas Analysis and Properties. Natural gas is a mixture of 
Hcvoral gases; methane (CH 4 ) and ethane (C 2 H 6 ) are the main constit¬ 
uents. Gases are analyzed on a volumetric basis. 


Table 1-6. Samples of Natural-gas Analyses 


Area 

Gas constituent, per cent by volume 

Sp gr 
(rd. to 
air) 

Heating 

value, 

Btu per cu ft 

a 

0 

Na 

CH, 


litirron County, Ky. . . 

3.8 

2.9 

23.6 

69.7 

1.21 

1548 

hoM Angeles, Calif. 

25.0 

1.4 

59.1 

14.5 

0.88 

843 

[iOrt Angeles, Calif. 

6.5 


77.5 

16.0 

0.70 

1073 

Kiefer, Okla. 

2.4 

1.8 

64.1 

31.7 

0.97 

1272 

Ahil<ine, Tex. 

0.0 

4.6 

74.5 

20.9 

0.72 

1129 

KnartiLs City, Mo. 

0.8 

8.4 

84.1 

6.7 

0.63 

967 

MiKih, Utah.. 

3.6 

5.6 

90.8 

0.0 

O.Gl 

967 

Cm Ido I'arish, La. 

0,9 

1.5 

97.6 

0.0 

0.75 

1039 


Higher heating values vary from about 700 to 1000 Btu per cu ft at 
wtundard conditions, usually atmospheric pressure and 60 F. The heat¬ 
ing value of any gas can be calculated by adding the product of each 
component volume (as a decimal) and its individual volumetric heating 
VullK^ 

1'al)I(^ 1-6 shows some gas analyses as distributed in various areas. 
(I art arialyses from one field do not remain constant but vary slowly 
with Lime. 
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Fig. 1-11. Natural gas is found in the same general areas as petroleum. 
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MANlirAl'TimKh, IV-FIODUCT, AND REFUSE FUELS 

t-"t4i Typill mill Wnmiilii t^ Ait h o mh noHt of the steam produced is 
Ihiitt Kind, Mil, immI * 111 * 1 , tlinM' itrt* liiMtiiiiKeH whore some other fuel is used. 
I'Ml lliK HKMKiiilliiii of amid/ i|Miiiil.l|.|iiN0f Itoam, a manufactured fuel such 
M« |I|M||||KKI IIIMI, Wfitli't’ itiiN, llliiiiiliiatliiK |M, or briquettes may be used. 
WImm KHMiiiiMiitH I'ly liirni' iJIliililllW of Ittftin are produced from other 
I III' If MiH ilMl Hilly ft byapra^Ml WIM Induatrial process or a refuse 
MmiI M*mlil iiMMMidl.v bi dllOftrdadi TbtM fuell are used in the power 
(ili^tl III I liM IhiIiimI I'Ihm whtn It ll MOQOnUoftlly faailble to do so. Analyses 
I# ibiiK IhkU 1 my Widily and art on alther tha weight or the volume basis 
dt I It-Mil I Me Mil HlintMr they are aolldi, liquids, or gases. Burning these 
e* n itlHiiHii| problem In the design of oombustion equipment, fur- 
IMM H imhI Im Nma extent heat-transfer surfaeos. The moisture con- 
kmmImiiiIhmIImiim, oorrosion from sulfur gases, and low heating 
I idtma III iMiMi.v eaxes are elements that tend to make the combustion 
Kqiil|iiiii‘lil dllTei' Hoinewhat from the conventional type. Table 1-7 lists 
MitiMK lit Ihiia fuels; heating values must usually be determined by test. 


fAei.s 1-7. MANIUI’ACTirUEI), 


By-i*r()duct, and Refuse Fuels 



lattita 

wssle 


flliia brssaa 
ifl shale 
Taabarh 
RAgaasa 

Mee NiilU 

Htraw 

Oharinml 

Nrliiiieiiw 

(llliy rsfimii 

NII'iiIkiiiii I'okn 

Msrk 

I try sKWHii** sIiiiIkh 


Liquids 
(Colloidal fuel 
8ulflto liquor 
Aold Hludgo 
Tar 

Tank oloiinings 
Alcohol 
Hhalo oil 


Gases 

Producer gas 
Water gas 
Blast-furnace gas 
Illuminating gas 
Coke-oven gas 
Sewage gas 


FUEL PURCHASING 

i-lSi Fuel Selection. Steam generators and internal-combustion (i-c) 
MJ'i» (leHigned to burn specific types of fuel. Heating value, sulfur 
MOIltPiit, iinh-fiiHion temperatures, ash and moisture content, and other 
il'N viiryilig from the specified amounts may seriously limit the 
SHIHHilly of tbe e(|iiipment and even make it inoperative. 

Many nioderii boilers can burn coal, oil, and gas either separately or 
HlinnIlaiiMouNly. Similarly some i-c engines can burn distillate oil or 
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natural gas or both. This allows taking advantage of price fluctuations 
for maximum operating economy. 

Factors to be considered in buying fuels include: (1) energy content, 
(2) price, (3) unit operating efficiency, (4) handling cost, (5) refuse 
disposal, (6) operating labor, and (7) maintenance. 

1. Though fuels are purchased in terms of tons or barrels, the signifi¬ 
cant factor is their total energy content. This may be calculated by 
multiplying their weight by the unit heating value. 

2. Fuel prices are quoted at so many dollars per ton, barrel, or 1,000 
cu ft. These prices are not commensurate, and so they must be con¬ 
verted to the price per unit of energy. The most common method 
reduces all fuel prices to cents per million Btu; for example, for coal: 


Cents per million Btu 


dollars per long ton X 100 X 10® 
2,240 X HHV 


where HHV is expressed in Btu per pound. 

Plants using large quantities of fuel generally buy directly from the 
mining or producing company. The price quoted is generally f.o.b, at 
the source or fuel-preparation plant. The ultimate cost to the consumer 
of any fuel may be several times the cost at the source, the difference 
being the cost of handling and transportation from the source to the point 
of consumption via rail, truck, boat, pipe line, or any combination of 
these. Electric central stations located at the mine mouth eliminate 
intermediate handling costs. But this has been practical in few instances. 
In most cases the cost of providing cooling water at the mine or of 
electric-transmission facilities to the load center proves greater than the 
cost of coal transportation to a pMnt near the load center. 

3. The operating efi&ciency of a heat cycle or engine inherently depends 
upon three main factors: its design, the nature of the fuel, and the skill 
of the operator. In selecting a fuel considerable care and testing are 
required to choose the most economical one. For example, coal prop¬ 
erties that will require scrutiny are the proportions of volatile matter, 
ash, sulfur, and moisture; ash-fusion temperature; ash analysis; size of 
lumps; friability; and grinding and coking characteristics. All these 
have a bearing on the efficiency with which a boiler will perform with a 
given fuel. In addition they control other operating features, such as 
maximum steaming capacity, slagging, clinkering, smoke, draft require¬ 
ments, corrosion, and dust nuisance. Aside from their effect on operat¬ 
ing efficiency these factors may involve added expense for dust, smoke, 
and handling equipment. Many fuels will be unsuitable owing to some 
one or more properties unduly deviating from required limits. A tenta¬ 
tive selection can usually be reduced to three or four fuels, trial shipments 
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of which will then be tested in the plant for efficiency and operating 
Hcxibility. 

Not only gross boiler efiH.ciency must be considered, but the effect on 
over-all plant efficiency. For example, if the caking characteristics 
of a coal melt the mixture of coke and ash and mat the fuel bed, it will 
re(|uire additional fan power to force the combustion air through the 
partly fused bed of coals. This reduces plant efficiency by requiring a 
greater amount of power for fan drive and also reduces the maximum 
capacity. 

4. General experience shows that, within the plant, gas entails the 
li^ast handling cost, oil is intermediate, and coal requires the most. 

(Jas supply requires little more than a connection to the mains, meters, 
reducing valve, and stop or control valves before it is ready for the 
burners. Oil requires a storage tank, pumps for unloading and transfer 
to the burners, piping and valves, and usually additional heating equip- 
liUMit to make the oil less viscous to increase ease of handling. Coal 
re<iuires unloading equipment, bunkers, weigh scales, and distributing 
lorries or belt-conveyer systems. For pulverized coal, grinding mills 
must be provided. 

f). In general oil and gas fuels do not present any refuse-disposal 
problem since their ash content is negligible and passes out with the flue 
gnH(vs. For coal, ashes must be moved from the furnaces to some central 
Htorage location within the plant. Suitable loading equipment for 
disposal into cars or boats must be provided. At times ash and cinders 
are in demand for building purposes and may be sold for a cash return. 

6. The labor required by each type of fuel will depend on the handling 
and cleaning needs. Gas requires the least in additional operating labor 
and (H)al the most, oil being intermediate. For coal-fired plants the coal 
with the greatest ash content and the lowest fusion temperature will 
caiiHc the greatest fouling of boiler heating surfaces and the most clinker 
formations in fuel beds. 

7. The effect of different fuels on maintenance is the most difficult 
facior to evaluate, as only extended experience with a given fuel can 
give iha answer. The maintenance needed depends on the operating 
policy and the skill of the operators, as well as the type of fuel burned. 
Kxpcritnice at each plant is usually unique and cannot confidently be 

to evaluate the effect of fuel at another plant. 

1-16. Sampling. Fuels in general are not homogeneous substances. 
()il from a given well or coal from a given mine will vary in the different 
properties from batch to batch, coal more so than oil. As found in the 
eiirtb, (H)al seams are made up of strata, termed “benches,” lying one 
II hove the other and often separated by relatively thin strata of slate, 
rock, or hone coal (coal with an extremely high ash content). The 
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analysis of coal from various benches at the same seam face, or cross 
section, may show markedly different proportions of volatile matter, 
fixed carbon, sulfur, and asfti content and, as a result, variations in heating 
value. Before the introduction of mechanical coal loading in the mines 
at the seam face the coal from each bench was readily segregated by 
manual sorting, and the coal sent to the consumer was fairly uniform in 
analysis. With increasing mechanization of mining, coal varies more in 
its characteristics, owing to more mixing of coal from various benches 
and less discriminating selection at the seam face. 

Finding the characteristics of a shipment of fuel is a problem in itself. 
The solution lies in choosing methods that will yield a sample representa¬ 
tive of the whole shipment. The sampling methods used are codified 



Fig. 1-12. Weighed fuel sample burning inside bomb heats water of known amount 
surrounding bomb. Temperature rise of water measures amount of heat. 

by the ASTM in their standards. A truly representative sample must 
•contain, in the same proportion, all the elements in the original batch of 
fuel. The larger the sample, the smaller the chance of error in deter¬ 
mining the true properties of the given batch of fuel. However, the 
laboratory methods used for analysis and the economic need of reducing 
the amount of fuel diverted from its ultimate use dictate that the 
sample shall be small. Error due to sampling can be reduced to a few 
tenths of a per cent by the following method: For coal, depending upon 
the size of the lumps, a gross sample is first taken during unloading. For 
example, a sample is taken by removing a scoopful for every 5 tons. 
This gross sample, which may weigh a ton for a shipment of several 
hundred tons, is then thoroughly mixed, the larger lumps being first 
crushed to a certain minimum size. The gross sample is then reduced 
by discarding alternate shovelfuls. The remaining pile is again thor- 
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INLET OVERFLOW WEtR 


TO DRAIN 


INLET WATER THERMOMETER 


OUTLET WATER THERMOMETER 


OUTLET OVERFLOW WEIR 


AIR JACKET 



COMBUSTION 

CHAMBER 


INLET WATER VALVE 


PRODUCTS OF 
COMBUSTION PASS 
THROUGH FLUES 
SURROUNDED 
BY FLOWING WATER 


LEADS TO GAS METER 


AUTOMATIC 
CHANGE-OVER 
DEVICE 


DRAIN COCK 


EXHAUST PRODUCTS 
TO SIDE OPENING 
NOT SHOWN 


GAS FROM TEST METER 
BURNER 

mirror 


DRAIN TUBE 
FOR 

CONDENSATE 


CATCH PAIL 
IN WHICH WATER 
WARMED BY 
BURNING A 
MEASURED 
AMOUNT OF GAS 
IS WEIGHED 


Measured flow of oil or gas heats up a known flow rate of water. Water- 
^Mi|M'ratiir(i rise measures amount of heat developed. {Courtesy of Precision Scientific 


OUglily mixed and further crushed. This sample is reduced by repeating 
Mill I »|»(inition of discarding alternate shovelfuls. Successive reduction 
of l ilt' Hiiinple finally brings it down to about 5 lb in a pulverized form, 
WllKII it is ready for laboratory analysis. Motor-driven sample crushers 
dll all thoHo operations in one continuous process. 
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Contracts for purchase of large amounts of coal include specifications 
of the coal (sharacteristics and usually a penalty clause if the coal does 
not conform to stated limit«. It is usual to allow a difference of 2 per cent 
in the weights of the coal as measured at the mine and as measured at 
point of delivery. This tolerance allows for loss or gain in moisture 
during transportation. 

1-17. Calorimetry, The heating value of any fuel is the energy given 
up during the complete combustion of 1 lb of the fuel and the cooling of 
the combustion products back to the ambient fuel temperature before 
firing. A calorimeter measures the heating value of a fuel by absorbing 
in a known amount of water all the heat given up by the burning of a 
weighed fuel sample. 

Multiplying the water weight by the temperature rise evaluates the 
heat absorbed, which equals the heat of combustion yielded by the burned 
fuel sample. Two principal types of calorimeters are used commercially: 
(1) The constant-volume nonflow type and (2) the constant-pressure 
steady-flow type. The first is the bomb-type calorimeter for measuring 
coal and oil heating values. The second is the Junker calorimeter used 
for fluid fuels, oil and gas. 

In the bomb calorimeter (Fig. 1-12) about 1 g of the fuel being tested 
burns in a bomb that can withstand internal pressures in excess of 
1,000 psi. The bomb may be about 6 in. in its longest dimension. The 
bomb comes apart and has an internal rack to receive a small tray carry¬ 
ing the weighed fuel specimen. Oxygen forced into the assembled bomb 
raises pressure up to about 500 psi. After placing the bomb in a meas¬ 
ured amount of water (about 2,000 g) a spark initiates combustion. The 
fuel's heat transfers through the bomb walls into the water. From the 
temperature rise and weight of the water and the weight of the fuel, and 
by making allowances for radiation and other factors, the fuel heating 
value can be calculated accurately. 

. In the Junker calorimeter (Fig. 1-13) the oil or gas burns in a bunsen- 
type burner under atmospheric conditions. The combustion products 
flow through passages surrounded by water until their temperature falls 
to that of the surrounding air. The amount of fuel burned is metered 
for a specific length of time. The water absorbing the heat of combustion 
flows continuously and is weighed during the duration of the test. From 
the metered water and fuel and observed temperature rise the heating 
value may be accurately calculated. 


CHAPTER 2 


COMBUSTION 


2-1. Combustion Chemistry. The combustible elements in fuels 
consist of carbon and hydrogen with a small amount of sulfur. Fuels 
may be solid, liquid, or gaseous before we burn them. Combustion 
involves a complicated series of chemical reactions forming intermediate 
products and ending in relatively simple combustion gases. For power 
pni’poses we regard combustion as the rapid high-temperature oxidation 
ol' the burnable elements that release heat energy. 

()xygen needed for the oxidation processes can be calculated as follows: 


C + 02 = COt 
12 lb -h 32 lb = 44 lb 
1 lb + 2.67 lb = 3.67 lb 
1 mole (7 -h 1 mole O 2 = 1 mole CO 2 

1 vol. + 1 vol. = 1 vol. 

2iJ2 + O 2 = 2iH 2 O 
4 lb + 32 lb = 36 lb 
1 lb -h 8 lb = 9 lb 

2 moles + I mole O 2 = 2 moles H 2 O 

2 vol. + 1 vol; = 2 vol. 

20 + 02 = 200 
24 lb -b 32 lb = 56 lb 
1 lb + 1.33 lb = 2.33 lb 
2 moles 0+1 mole O 2 = 2 moles 00 
2 vol. + 1 vol. = 2 vol. 

S+02 = SO 2 
32 lb + 32 lb = 64 lb 
1 lb + 1 lb = 2 lb 
1 mole aS + 1 mole O 2 = 1 mole SO 2 
1 vol. + 1 vol. = 1 vol. 


(2-la) 


(2-15) 


(2-lc) 


( 2 - 1 ^^) 


Tlic \ nines given below each numbered equation show the relative parts 
Im wi'iglits, mol(!s, and volumes of the constituents taking part in the 
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reaction. The volumes assume all constituents to be gaseous. A mole 
refers to a pound mole based on the molecular weight of a substance. 

Mass conservation requires the total weights on each side of an equation 
to be equal. The number of moleSy however, need not be equal. One 
mole of a gas or gas mixture occupies 359 cu ft at 32 F and 14.7 psia. 
Significantly, the ratio of the number of moles of the different substances 
is also the ratio of their volumes. Hence the per cent by volume of gas 
in a mixture equals the ratio of the moles of that gas to the total moles 
of the mixture. 

Reaction equations for the oxidation of compounds can also be written. 

2 ( 72^6 + 702 = 4002 + 

00 lb + 224 lb = 176 lb + 108 lb 
2 moles + 7 moles = 4 moles + 6 moles 

A hypothetical mole is also used for solid or liquid fuels if their weight 
analysis by elements is known. 

Example 2-1. A fuel oil has the following weight-percentage analysis: 

C = 83.0 0 = 3.0 B = 1.0 

H - 11.0 N = 2.0 

Determine the mole formula, and write the complete reaction equation with oxygen. 

Solution. For convenience let us deal with 100 lb of fuel. The moles of each ele¬ 
ment in the fuel oil will be inversely proportional to its molecular weight; then: 


Element 

Weight 

Molecular 

weight 

Moles 

C 

83 

12 

6.92 

H 

11 ’ 

2 

5.5 

S 

1 

32 

0.031 

0 

3 

32 

0.094 

N 

2 

28 

0.071 

Total 



12.616 


To burn 100 lb of fuel oil, we must satisfy 

12.616(C,H,;S,0,A) + M^02 = 6.92(702 + + 0.031502 + 0.071^2 

The oxygen weight must be the same on each side of the equation; so 

0.094 X 32 + X 32 = 6.92 X 32 + 5.5 X 16 + 0.031 X 32 -h 0.071 X 0 
Mq = 9.61 moles O 2 

If the composition of a fuel is known, Eqs. (2-1) can be used to calcu¬ 
late oxygen needs. This can be reduced to the theoretical (stoichio¬ 


metric) oxygen requirement, 
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TFo = 2.67(7 -f 8 





lb per lb fuel 


(2-2) 


'I'he symbols (7, 0, S are weight fractions of the elements as given by 

an ultimate fuel analysis. For gas fuels the volumetric analysis must be 
converted to a weight analysis as follows: 


12CH^ + 12CO + 2402^74 + * * * 
MW 

2H^ + 4(7774 + • • 

MW 

16CO + 32 CO 2 + — ■ 

MW 

32H2S + 32SO2 + ' ■ * 

MW 


(2-3a) 

(2-35) 

(2-3c) 


(2~3d) 


wliere the symbols CHi^ CO, H 2 , H 2 S, etc., are volume fractions of the 
compound constituents and MW is the molecular weight of the gas 
mixture, or 

MW = mCH, -h 2SCO + 2H2 + 28C2774 + 44CO2 + 347725 + • • • 

itKilnde all components. Constants are listed in Table 2-1. 

'rin^ pound-weight and pound-mole basis for computing oxygen needs are 
piliown below. 


Example 2-2. Determine the theoretical oxygen needed for the complete combus- 
tllMi of 1 lb of coal of the following ultimate analysis: 

C = 71.7 O = 8.3 5 = 3.4 W = 3.5 

H = b.2 iV = 1.3 A = 6.6 

Holution, By Eq. (2-2) 

- 3 f?) + 1 X 0.034 

= 2.28 lb 

M,V I'll I". ( 2 - 1 ) 


Wo = 2.67 X 0.717 -f 8 (o. 


052 


Kli'iiietklH 

O 2 , lb per lb fuel 

O 2 , moles per lb fuel 


2.67 X 0.717 = 1.914 

1 X 0.717/12 = 0.0598 

// 

8 X 0.052 = 0.416 

0.5 X 0.026 = 0.0130 

S 

1 X 0.034 = 0.034 

1 X 0.034/32 = 0.0011 

'I'otiil 

2.364 lb 

0.0739 mole 
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Oxygen required from weight analysis: 


O 2 = 2.364 - 0.083* = 2.28 lb 

i 

Oxygen required from mole analysis: 

0 083 * 

O 2 = 0.0739 -— = 0.0713 mole per lb fuel 

= 0.0713 X 32 - 2.28 lb 

2-2. Air for Combustion. Oxygen for combustion in power furnaces 
comes from the atmospheric air. In furnace design we must calculate 


JOxygen 

f\fitrogeri 


:} 


til'^)Theoreticaf' 
dry Qif 

4 


dfy oir 
+ 

vopor 



Fuel 


f ( 


Solid, 


Gases s 

Combustion 

flqu id 

Combustion 

Products 

( 

^ flir * 

or 



go$ 


Solids J 
Jrefuse)1 


or 


^Water vopor 

^Ash 

+ 

^Unburned C 


Fig. 2-1. Diagrammatic representation of fuel combustion. 


the air flow needed to support combustion. Figure 2-1 outlines the 
combustion process using air. Air data we must know include: 

Volumetric analysis, 79 per cent 21 per cent O 2 
Weight analysis, 77 per cent N^j 23 per cent O 2 
Molecular weight, 29 lb per mole 

Standard air. 60 per cent relative humidity, 80 F dry bulb, 0,013 lb 
moisture per lb dry air * 

Mole relations, 3.76 moles N 2 per mole O 2 


. For any fuel the dry air theoretically needed is 

Wa = = 11.5(7 + 34.5 f) + 4.3<S lb per lb fuel (2-4) 

The weight of air per unit weight of fuel, the air-fuel ratio, plays an 
important part in combustion calculations. 

Supplying only theoretical air amounts in furnaces would not burn 
the fuel completely. An amount greater than Wa, an additional amount 
of excess air, must be supplied. Practical conditions of fuel type, furnace 
arrangements, and heat-transfer surface arrangement determine the 
total amount of air needed for complete combustion. 

* O 2 in fuel. 
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If WA is the weight of air actually supphed to a furnace per pound of 
fuel, then 


Excess-air percentage = 


Wa - Wa 

Wa 


X 100 


Dilution coefficient = 


Wa 


(2-5) 

( 2 - 6 ) 


1 he volumes of air corresponding to Wa or Wa for any air temperature 
luid pressure are found from (PV = MET) 

T 7 _ (Wa or Wa) X 53,3 X {ta ~h 460) 

144 X fa 

where V = air volume, cu ft 

ta = air temperature, °F 
Pa = air pressure, psia 

For a gaseous fuel the weight or volume of air can be expressed in terms 
of 1 cu ft instead of 1 lb of the fuel gas. The previous equations have 
\mm developed on the basis of 1 lb of fuel (gas, liquid, or solid), for which 
tlie density of the fuel-gas mixture is needed. If not known, it can be 
obtained from the molal relations by 


Dm = 


MW 


359 X (14.7/pm) XiitM + 460)/492] 


( 2 - 8 ) 


where Dm = density of fuel-gas mixture, lb per cu ft 
Pm = gas pressure, psia 
Im = gas temperature, °F 
MW = molecular weight of gas mixture, lb 
'I'o burn a fuel completely, four basic conditions must be fulfilled: we 
idiiHi, (I) supply enough air, (2) thoroughly mix fuel and air, (3) maintain 
\i I'anjiicc temperature high enough to ignite incoming fuel-air mixture, 
niiif ( I) provide enough furnace volume to allow time for completing the 
launbustioii reaction. Gases produced by a burning fuel particle tend 
bhiiiket the particle surface and prevent additional oxygen from con- 
lucliiig tlie unburned portion. Turbulent furnace coiiditions help to 
Pihip away the forming combustion gases continuously and bring up 
Udygcn to the fuel particles. The fuel elements and oxygen molecules 
muvl [truetically instantaneously, but the physical movement of gases 
Hud Hidids roipiires time. High temperature keeps the reaction going; 
Ion niiHdi cooling promptly stops the chemical combination of elements. 
'I’he Iblhawing (examples illustrate the weight and mole methods of air 

MfiliMjInt hiiis. 
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Table 2-1. Properties of Common Combustibles and Products 


Substance 

For¬ 

mula 

Mo¬ 

lecular 

weight 

Lb per 
cu ft, 

60 F, 
14.7 psia 

Cu ft 
per lb, 
60 F, 
14.7 
psia 

Gas, 
liquid, 
or solid 

Heating value, Btu 

Per 

lb 

Per cu ft, 
60 F, 
14.7 psia 


c 

12.00 



S 

14,544 


Hydrogen. . 

H 2 

2.02 

0.0053 

188 

G 

62,028 

325 

Sulfur... 

S 

32.07 



S 

4,050 


Carbon monoxide. 

CO 

28.00 

0.0739 

13,64 

G 

4,380 

323 

Methane. 

CH 4 

16,03 

0.0423 

23.69 

G 

23,670 

1012 

Acetylene.* 

C 2 H 2 

26.02 

0.0686 

14,58 

G 

21,500 

1483 

Ethylene. 

C 2 H 4 

28.03 

0.0739 

1:F54 

G 

21,320 

1641 

Ethane. 

C 2 H 6 

30:05 

0.0792 

12.63 

G 

22,070 

1762 

Benzene. 

CeHfi 

78.05 

0.2061 

4.85 

G 

18,070 

3673 

Benzene .. 

CeHs 

78.05 



L 

18,070 


Hexane. 

CeHu 

86.11 

0.2277 

4,39 

G 

20,900 

4700 

HexauR 

CeHu 

86.11 



L 

20,900 


Octane 

CsHia 

114.14 



L 

20,580 


Oxygen.. . . 

O 2 

32.00 

0.0844 

U.84 

G 



Nitrogen. 

N 2 

28.02 

0.0739 

13.52 

G 



Air. 


29 

0.0765 

13.07 

G 



Carbon dioxide .. . 

CO 2 

44.00 

0.1145 

8,73 

G 



Sulfur dioxide. . 

SO 2 

64.07 

0.1692 

5.91 

G 



Water vapor.. 

H2O 

18.02 



G 




Example 2-3. Find the dry air theoretically needed to burn completely a fuel gas 
of the following volumetric proportions: 


CH, = 65.0^ C 2 H, = 35.0% 

Solution. By Eqs. (2-4) and (2-7) and the analysis conversion equations (2-3) we 
can write 

MW = 0.65 X 16 + 0.35 X 30 = 20.9 lb per mole 

^ 12 X 0.65 + 24 X 0.35 

C = - 2 o“q - = 77.5% by weight 

H = 100 - 77.5 = 4 X 0.65 + 6 X 0.035 = 22.5% by weight 

Wa = 11.5 X 0.775 + 34.5 (o.225 - + 4.3 X 0 = 16.67 lb per lb 

V = ^ ^ = 226.5 cu ft of air at 80 F and 14.7 psia per lb gas 

144 X 14.7 

By Eqs. (2-1) applied to gas mixtures and writing reaction equations for all com- 
^ bustible components in the gas mixture, 

I CH^ -h 2 O 2 = CO 2 -h 2^20 

202^^6 “h 7 O 2 “ 4(702 “h 6^20 

.1 
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Mixture component 

Moles per 100 moles gas 

Moles O 2 required 

CHi 

65.0 

2 X 65.0 = 130.0 


35.0 

% X 35.0 = 122.5 



Total = 252.5 


Moles air = 252.5 + 3.76iV, X 252.5 = 1,203 moles air per 100 moles fuel 
TTT- 1,203 X 29 
“ 100 X 20.9 ^ 
y __ 1,203 

100 “ gas (both at same temperature and 

pressure) 


Example 2-4. Determine the air-fuel ratio for a liquid fuel whose 
Mon IS represented by the formula CuH,, if 30 per cent air is used. 
Solution. By Eqs. (2-1) applied to the oil formula 


average composi- 


2Ci2ff26 + 37O2 = 24CO2 -1- 267720 
MW = 12 X 12 -h 26 = 170 lb per mole of fuel 
Moles O 2 theoretically needed = moles per mole fuel 
Moles air = 1.3(3>^ -|- 3.76 X = 114.5 

Air-fuel ratio = j ^ ~ 

Example 2-6. Given the ultimate analysis of coal, 

C = 70.5 O = 6.0 jS = 3.0 W = 4.0 

H = i.b N = l.Q A = 11.0 

Mnlcniiuie: 


II. 'I’lK^oretical dry air needed in pounds 
li. Volume of actual air for 30 per cent excess 
Hill III ion. By Eqs. (2-4) and (2-7) 


air at 60 F and 14.7 psia 


W„ - 11.5 X 0.705 -h 34.5 (o.045 - 2 :^^ 4 3 ^ 0.030 = 9.53 lb per lb 

h. 1F,| - TF„ X 1.30 = 9.53 X 1.30 = 12.39 lb per lb 
_ 12.39 X 53.3 X 520 

144 X 14 7 ~ 162.4 cu ft per lb 


I nr Hmiill amount of water vapor in air is frequently neglected in these 
6 I a 10 ns. When needed, psychrometric data based on wet- and dry- 
mill 1 (ernp(>ratures of the air may be used to calculate the water vapor 
\|l»tr potiiid of dry air. 

I'nr many purposes dry air needed for combustion can be calculated 
hiin he luaiting value of the fuel. Coals require about 7.5 lb air for 
111,(11(1 Mill in the coal. The constant varies somewhat with the volatile 
lllHttec and tlie type of fuel. 

U-S. Combustion-gas Products. Complete combustion processes form 
in gases carbon dioxide (CO,), sulfur dioxide (SO,), and water vapor 
01 |l ). (laws exhausted from power equipment also contain nitrogen 
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(Nj), oxygen (O 2 ), and carbon monoxide (CO). The nitrogen comes 
from the air supply, and the oxygen from the excess air. Carbon monox¬ 
ide forms with the other g^ses if all the carbon does not burn completely. 
Mechanical moisture in the fuel and water vapor in the air reappear in 
the exhaust gases. 

Sometimes combustible elements may pass through a combustion 
chamber or furnace unburned and pass out with the exhaust gases. 

Combustion-gas quantities can be figured on the pound-weight or 
pound-mole basis. Weights of individual combustion gases can be cal¬ 
culated from Eqs. (2-1), assuming no carbon in the refuse, as in ashes 
from a boiler furnace. Fuel analysis, excess air needed, and complete¬ 
ness of combustion must be known. Weights of combustion gases based 
on 1 lb of fuel (solid, liquid, or gaseous) are 


CO, = 4^2 X F X C (2-9a) 

CO = 5^4 X (1 - F) X C (2-9&) 

O 2 = 0.232 X X X 1F„ + 1.33 X (1 - F) X C (2-9c) 

N, = 0.768 X (1 + X) X TF„ -b W (2-9d) 

H,0 = X H + W + Wav (2-9e) 

>S02 = 6^2 X >S (2-9/) 


where CO,, CO, 0,, N,, SO,, H,0 = lb of products per lb of fuel 
C, H, S, N = fuel elements, lb per lb of fuel 
X = excess air ratio 
F = ratio of C in fuel oxidized to CO 2 
Wa = theoretical dry air, lb per lb of fuel [see Eq. (2-4)] 

IF = mechanical moisture in fuel, lb per lb 
Wav = water vapor in air^supply = (1 + X) X IFa X G/7,000 
G = grains of moisture per lb of dry air from psychrometric 
chart based on wet- and dry-bulb air temperatures 


The total combustion-gas volume and its analysis can be determined. 
The following equation gives the total moles of gas per pound of fuel: 

.. _ CO, ,cq q, 

“ 44 28 32 

From this the gas volume is 

Vg = Mt X 359 X 


,N, SO, H,0 

28 64 18 

( 2 - 10 ) 

t, + 460 ^ 14.7 

492 ^ Pa 

( 2 - 11 ) 


where Vg 
Mt 

tg 

Vg 


total gas volume, cu ft per lb of fuel 
total moles of gas per lb of fuel 
gas temperature considered, °F 
gas pressure considered, psia 
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The volumetric analysis is given by 


CO 2 , % by volume 


CO 2 , lb per lb fuel 
44 X Mt 


^iid likewise 


CO 


0, 

SO^ 


H^O 


00 
2S X 
O2 

32 X Mr 
N 2 

28 X Mr 
SO^ 

04 X Mr 

//oO 

IS X Mt 


(2-12a) 

(2-126) 

( 2 - 12 c) 

(2-12d) 

(2-12e) 

( 2 - 12 /) 


(Combustion gas contains dry gases and water vapor. To analyze gases 
on a dry-gas base, use the same equations, but delete the item in 
S(|H. (2-10) and ( 2 - 12 ). The analysis can also be made on a moisture- 
ihd Hulfur-free basis by eliminating in addition the SO 2 item. 


Example 2-6. For a fuel oil with this ultimate analysis, C = 83.7, H = 12.7, 
i 0.7, N = 1.7, and O 2 = 1.2, assume combustion air to have a dry-bulb temper- 
of 80 F and a wet-bulb temperature of 70 F. With 30 per cent excess air and 
combustion find; 

fl. 'Fotal combustion-gas volume at 400 F and 14.7 psia 
h, I )i’y-gas analysis based on CO 2 , O 2 , and N 2 

Suhifion. By Eqs. (2-4) and (2-9) to (2-12) 

0 , Wa = 11.5 X 0.837 -I- 34.5 (o.l27 - 5:|^) + 4.3 X 0.007 

= 13.98 lb air per lb oil 

X im 

a = 95 grains per lb dry air from psychrometric chart at stated temperatures 
\VAv = (1 -h 0.30)13.98 X 95/7,000 = 0.3 lb vapor per lb dry air 

tloin poiKMit-gas weights in pounds per pound of fuel are 


CO, = 4^2 X 0.837 = 3.07 
CO = 0 (complete combustion) 

0, = 0.232 X 0.30 X 13.98 = 0.97 
N, = 0.768(1 -I- 0.30) X 13.98 -|- 0.017 = 13.99 
SO, = 6^2 X 0.007 = 0.02 
H,0 = 3% X 0.127 + 0.3 = 1.44 
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Gas moles per pound of fuel are 


tC02 = ^ = 0.0698 
44 

0. = ^ = 0.0303 

N2 = = 0.4992 

SO, = ^ = 0.0003 
1 44 

H 2 O = = 0.0800 

Mt = 0.6796 

Vg = 0.6796 X 359 


b. Gas analysis by volume: 


CO, 

0 , 

N2 


0.0698 


0.0698 + 0.0303 + 0.4992 

0.0303 


0.5993 
0.4992 
' 0.5593 


0.0698 

0.5993 


= 0.0505 = 5.05% 


= 0.8331 = 83.31% 


= 0.1164 = 11.64% 


The mole concept may be used to compute combustion products 
instead of the weight method. First write a balanced combustion equa¬ 
tion; from it find the total gas products and analysis by Eqs. (2-9) and 
(2-2). Examples 2-3 and 2-4 show how to find air requirements from 
the reaction equation. 


Example 2-7. Write the complete cbmbustion equation for a coal burned in 35 per 
cent excess air. The ultimate analysis is 

C = 71.7 0 = 8.3 H = 6.2 S = 3.4 W = 1.3 A = 6.6 TF = 3.5 

Solution. Write the hypothetical mole relations for 100 lb of coal (see Example 2-1). 


Element 

Weight 

Molecular 

weight 

Moles 

C 

71.7 

12 

5.98 

H 

5.2 

2 

2.6 

S 

3.4 

32 

0.11 

0 

8.3 

32 

0.26 

N 

1.3 

28 

0.05 

Total 

89.9 

1 

9.00 


COMBUSTION 


41 


To burn 100 lb of coal, we must satisfy 

\i.mC,H,S,0,N) + (~yH20 + + 3.76tiV,) X 1.35 

= 5 . 98 CO 2 + Mo X 0.350, + O.llSO, -f- 2.7977,01 

+ [(Afo X 3.76 X 1.35) -|- 0.05)7^, 
Oxygen weight in fuel and air = oxygen weight in combustion gases 

Oxygen entering process: 


0.260, = 0.26 X 32 = 8.3 
^ X H 2 O = 0.19 X 16 = 3.1 

1.35Afo02 = 1.35Afo X 32 = 43.2Afo 

Total = 11.4 -f- 43.247o 


Oxygini leaving process: 


IC(|iiatiiig, 


O. 35 M 0 O 2 = 0.35 X Afo X 32 = II. 2 M 0 
5.9800, = 5.98 X 32 = 191.5 
O.IISO 2 = 0.11 X 32 = 3.5 

2 . 79 H 2 O = 2.79 X 16 = 44.7 

Total = 239.7 -|- 11.247o 
11.4 -I- 43.2Afo = 239.7 + 11.21lfo 


Afo = 7.14 


Tile complete combustion equation for 100 lb of coal is then 


tt,(l0(O,7f,S,O,Af^) -h 0.207720 + 6.6A + 9.64(0, -(- 3.76A'^2) 

= 5.9800, + 2.50, -h 0,1 ISO, -h 2.79H,0 -|- 36.31^, -|- 6.64 

Example 2-8. For the gas with a volumetric analysis of 

00, = 2.4 N 2 = 1.4 CHi = 73.6 0,776 = 22.6 


•ml with dry air in 25 per cent excess find: 

n. 'I'otal gas volume, for complete combustion, at 500 F and 14.7 psia 
l>. I )i'y-gas analysis based on 00,, 0,, and Ns 


Hohilion. Write the balanced reaction equation for 100 moles of fuel gas by equat- 
IIIH iniiHHCH of elements on both sides. 


,1400, f 1.441,-1- 73.6077, + 22.60,779 -I- 226.3(0, -I- 3.76^,) X 1.25 

= 121.300, + 215.077,0 -h 56.60, + 1065.441, 
M W duel gas) = 0.024 X 44 -h 0.014 X 28 + 0.736 X 16 + 0.226 X 30 
= 20.0 lb per mole 


Moles air = 


226.3(32 -h 3,76 X 28)1.25 
29 


1,340 


• h'oin W - 3.5. 

I I'Voin Ns/Os - 0.79/0.21 = 3.76. 
t Kniin 3.6/18 -|- 5.2/2 = 2.79. 
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Reaction mole ratios = 100 moles fuel gas + 1,340 moles air 1,458 moles com¬ 
bustion gas 

121.3 ^ 44 + 215.0 X 18 + 5 6.6 X 32 + 1,065.4 X 28 
' ' 1,458 


MW (combustion gas) 


M T ~ 


= 27.8 lb per mole 

— = 0.729 moles of combustion gas per lb fuel 


100 X 20.0 


Vg = 0.729 X 359^ = 510 cu ft per lb fuel 


h. Gas analysis by volume: 


By writing equations as in Examples 2-7 and 2-8 the mole method may 
be used in combustion calculations for all fuel types. 

2-4. Water Vapor. Whenever water vapor is accounted for in com¬ 
bustion calculations, it is added to the left-hand side of the reaction 
equation and its effect carried over to the right-hand side. 

Water vapor in combustion products (usually at a low partial pressure) 
is treated as a gas. The partial pressure of the vapor, based on Dalton's 
law, is proportional to the molal percentage or volumetric percentage of 
the vapor in the total gas products. The saturation temperature of steam 
at this partial pressure is the water dew point or temperature at which the 
water vapor condenses. Sulfur dioxide and oxygen (O 2 ) in combustion 
gases react with water vapor to form acids. When gas temperature 
drops below the dew point, these gases corrode metal surfaces on which 
they precipitate. Sulfur content, excess air, burner design, furnace 
temperature, and homogeneity of gases affect sulfur oxide formations. 
Hence the water dew point must be taken as an index and not as the 
exact temperature for condensing corrosive acids. 

2-6. Combustion Processes. Combustion products are not formed in 
one simple chemical reaction. Equations like Eq. (2-1) give only the 
final results of a series of reactions called the “mechanism" of combustion 
from fuel to final products. Hydrogen and carbon take the form of 
gaseous hydrocarbons, solid carbon, or mixtures of hydrogen and carbon 
monoxide in most fuels. Some fuels such as coal gas are simple mixtures 
of these elementary fuels. In other fuels they may be formed during 
burning. In oils volatilization produces hydrocarbons; cracking these 
may yield solid carbon and hydrogen. 

Present theories regarding the combustion of solid carbon assume that 
oxygen penetrates the carbon surface to react and form an initial com- 


CO2 = 


V2 = 


121.3 


121.3 4 
56.5 

1.243.3 
1,065.4 
1,243.3 


- 56.6 -h 1,065.4 
= 4.6% 

= 85.6% 
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pound. This eventually becomes carbon monoxide or dioxide, which 
diffuses from the surface to allow successive penetrations of more oxygen. 
Hydrogen and carbon monoxide react with oxygen to form intermediate 
products that are destroyed in later steps. In this chain reaction the 
intermediate products are called chain carriers. 

Chain carriers may exist for short instants, but the simple reaction 
equations give the end effect. Heating and oxygen affect the burning 
of hydrocarbons. For rapid heating but retarded mixing with oxygen 

vofve Al^sorpthn 



iqn. 2-2. Manually operated Orsat gas analyzer. A, leveling bottle; B, measuring 
imnstte; C, D, E, selective gas-absorbing media. {Courtesy of The Hays Corporation.) 

Mu^ hydrocarbons usually crack—they break into carbon and hydrogen, 
wlii(!h burn as described above. 

I legating and good mixing with oxygen of basic fuels form hydroxylated 
compounds which break down into a series of compounds called “alde- 
liychis." Under the influence of heat and oxygen the aldehydes break 
down to form carbon monoxide and hydrogen or water and carbon 
dioxide. Any carbon monoxide and hydrogen formed burn in a chain- 
M'Mcfion effect. Simple equations like Eq. (2-1) give the integrated 
but no information on the complex intermediate events. 

2-6. Flue-gas Analysis. An Orsat analyzer determines the volumetric 
analyses of gases formed by combustion in a boiler furnace (Fig. 2-2). 
hoveling bottle A induces a flue-gas sample to flow into the measuring 
hiirette. Manipulating the bottle enables transferring the sample to 
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contact an absorbing medium C, which removes the carbon dioxide from 
the gas mixture. By transferring the mixture back to the burette the 
detjrease in volume measurSs the carbon dioxide removed.^ Successively 
passing the gas to contact other absorbents allows measuring the oxygen 
and carbon monoxide removed. 

During a test of boiler performance gas samples are analyzed periodi¬ 
cally. Gases must be withdrawn from several points simultaneously to 
get a representative sample. The simple analyzer measures these gases 
on a volume-fraction basis: CO^, CO^ O 2 , and N^. 



Fig. 2-3. Carbon dioxide (CO 2 ) variation with fuels and excess air. 

Many boiler plants use continuously recording or indicating automatic 
gas analyzers. Many of these instruments record only the CO 2 or O 2 or 
unburned fuel-gas percentages. Analyzers cannot determine water- 
vapor percentages; so their data are on a dry-gas bads. When the SO 2 
is not removed separately, it becomes absorbed with the COg. Air flow 
and gas flow may be calculated from flue-gas analyses. Depending on 
the problem, gas samples may be taken from the furnace, furnace exit, 
boiler passes, or breeching. 

2-7* Controlling Excess Air. Proper control of the right amount of 
excess air maintains optimum combustion efficiency. CO 2 and Ch m 
combustion gases are indexes of excess air. The desirable CO 2 level 
depends on the fuel and optimum excess air for the furnace. 
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Figure 2-3 shows the variations for complete combustion of a series 
of fuels. Desirable O 2 values depend much less on the type of fuel, as 
shown in Fig. 2-4. This makes O 2 measurement the preferred method 
for furnace control. A series of tests at different steam outputs for a 



Excess Air-Percent 

Fig. 2-4. Oxygen (O 2 ) variation with fuels and excess air. 


range of excess-air feeds indicates the optimum value of excess air for 
lu^Ht efficiency (Fig. 2-5). 

Boiler losses are computed by methods outlined in Secs. 2-8 and 2-9 
for different outputs and CO 2 and O 2 proportions in flue gases. The 



Dilution -coefficient 

Fig. 2-5. Air flow related to optimum combustion efficiency. 

air is then adjusted during normal operations by controlling air 
fatal to show the optimum value of CO 2 or O 2 . Smoke formation and 
flagging of boiler surfaces also play a part in determining the optimum 
aittaiHH air; these are often more important than minimum losses. To 
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calculate excess air, use 
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Per cent excess air 


O 2 - 0.5CO 

O. 26 AN 2 - (O 2 - 0.5CO) 


X 100 


(2-13) 


where O 2 , CO, and are volumetrie percentages in the dry Hue gas. 

Some instruments meter air and gas flow directly to aid control of 
air supply. These also indicate steam flow and aid combustion control. 
Table 2-2 gives ranges of excess air used in power plants. 


Table 2-2. Excess Air Used in Furnace Combustion 


Fu(^l 1 

Equipment 

Excess air, per cent 

Coal. 

Stoker-firecT 

15-65 


Water-cooled furnace, (pulverized coal) 

5-40 


Cyclone furnace (crushed coal) 

10-15 

Fuel oil.- 

Oil burners 

5 20 

c 10 

Natural gas. 

Gas burners 

u 1 ^ 


2-8. Actual Combustion Products and Air Supplied. Burning a fuel 
produces gases in the furnace. In addition, a solid fuel leaves a solid 


Air Supplied 


Dry 
"a Air 


1 


Wdrogeo 

O^iygen 

Woisture 


Actual 
Ai r 


+ 


Gaseous Products 



Ar- Ash 

Cr - Combustible 


Fuel Analysis % by weight 
Dry Gas Analysis % by volume 
Solid Refuse Analysis % by weight 

Fig. 2-6. Graphic representation of the combustion of power-plant fuels. 


refuse of ash and some unburned combustible. The refuse may 
in an ashpit, cinder trap, or precipitator. 

Figure 2-6 diagrams a power-plant combustion process for coah 
Liquid and gaseous fuels have no ash component, and their analyses would 
be different. Refuse, air, and combustion gases are calculated as follows; 
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Referring to Fig. 2-6, let 

Wf = fuel weight, lb (common basis is 1 lb) 

= lb of dry air actually supplied to unit per lb of fuel fired, lb 
Wfg — Vo of flue gas per lb of fuel 
Ffg = cu ft of flue gas per lb of fuel 
Pfg = flue-gas pressure, psia 
tg = flue-gas temperature, °F 
Wdg = Vo of dry gas per lb of fuel 
MWDG = molecular weight of dry gas 

TFii = lb of dry sohd refuse from lb of fuel 
Wav = Vo of moisture in TF^ lb of dry air 
IFgf = lb of moisture in Wfg lb of flue gas 

H 0 N -1-aS- 1-^-|-TF = 1.00 = fuel analysis by weight 
fraction 

CO 2 -h CO + O 2 + iF 2 = 100 = dry-gas percentage analysis by volume 
Ar + Cr = 1.00 = dry-refuse analysis by weight fraction 
C/. = lb of carbon in dry gas per lb of fuel fired (present in CO 2 and 
CO) 

Rof use calculation: 


Wr X Ar = 


Ar 



W y X T 


Wr 


lb refuse per lb fuel 


lb of carbon in refuse per lb fuel burned 


(2-14) 


liy -gas calculation: 


Cf = C~^Cr 


Wna - _ _12(CO. + CO) _ 

4400^ -H 28CO - 1 - 28A', -f 320^ “ 
w_ _ IICO 2 + 7CO + 7 N 2 + 8 O 2 ^ 

MJo7T~co) 


(2-14a) 


(2-15) 


Hut ('O -[- Ni — 100 — (CO 2 -|- O 2 ) from the gas analyzer, and 


_ 4(702 -1- 02 + 700 
3((702 + CO) 


(2-16) 


1 ’hU is an approximate value, as no allowance exists for the sulfur in 
Int' hioL Ihe precise history of the oxidation of the sulfur is not known 5 
Millie may not be oxidized and may form part of the refuse. Sulfur 
BlliKlde (SO2) and sulfur trioxide (SO3) may be formed, reaction with 
♦Iratei vai)or may occur, or they may eventually discharge with the gases 
w tiui Holid refuse. Based on simple ratios from Eqs. ( 2 - 1 ) and air data, 
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a dven weight of sulfur makes only 0.425 as much Jy gas as the same 
we^ight of carbon if oxidiz^ to sulfur dioxide. On this basis Eq . ( 
can be modified, 

4 CO 2 + O 2 + 700 


W DG — 




(Cf + 0.425-S) 


Air-supplied calculation: 
0.771E^ = Wdg 


28 Ni __ _ jy 

44 CO 2 + 2800 + 28Ni + 320^ 


Assuming N negligible and substituting for Wdg from Eqs. 2-15, 

dMNi 


Wa 


C, 


(2-17) 


(2-18) 


(2-19) 


N 


( 2 - 20 ) 

(2-21) 

( 2 - 22 ) 

(2-23) 

(2-24) 


CO 2 + CO 

Based on a mass balance between air, fuel, gas, and refuse, the equation 
can be written 

17a = TEdo + 8 (h - g) - S 

Flue-gas calculations'. 

Wav = 17 -b 9ff + 17x7 
17fo = Wdg + E^g7 
T. , Wdg \ ^ 359 ^ 

\ 18 M17dg/ ’ Vra 492 

17x + Wav + 1 (lb fuel) = 17^-1- 17^0 

ENERGY BALANCE 

2-9 Energy Balance of a Stekm Generator. The fuel supplied to a 
furnace when completely burned releases its heating value 
primarily changes the feedwater pumped to the boiler 
' the heating value does not go to this useful purpose. There are some 
bsses in the .form of incomplete combustion, of flue gases leaving at 
high temperature, and of radiated and convected 

of the steam generator. An energy balance shows the distnbut ^ 
the heating value of the fuel to the formation of steam and to the vario 
losses In conjunction with the previous symbols let 

t = enteri„g-.ir temperature for eombustion to the furnaee or a,r 

heater, if latter is used, °F r „„ 

t, = temperature of flue gas after passing all heat-transfer surfaces, 

OY 

hg 2 = enthalpy of leaving steam, Btu per lb 

hf, = enthalpy of water at boiler pressure, Btu per lb 

hfi = enthalpy of feedwater, Btu per lb 
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hgA = enthalpy of reheat steam leaving steam generator, Btu per lb 
hg'i = enthalpy of reheat steam entering steam generator, Btu per lb 
PFs = lb of steam from feedwater per lb of fuel 
Wt = lb of reheated steam per lb of fuel 
Wb = lb of blowdown per lb of fuel (often negligible) 

Cp = specific heat of dry gas, Btu per Ib-^F 

Ah = enthalpy change of moisture from inlet to flue-gas conditions 
HHV = higher heating value of fuel, Btu per lb 

Q = various energy values, Btu per lb of fuel as indicated 
The individual values usually shown for the heat balance are as follows: 

IThi'I’uI energy: 

Qi = W s(hg 2 — hfi) + Wr(hg^ — hg^) + W B(hf 2 — h/i) (2-25a) 

bUie rgy loss due to mechanical moisture in fuel: 

Q 2 = W Ah (2-256) 

A 6 * = (1,066 + 0 . 5^0 - to) when tg > 575 F 

= (1,089 + 0.46^0 — ta) when tg < 575 F 

Kiuirgy loss due to moisture from H in fuel: 

Qi = 9 X H Ah Ah from Eq. (2-256) (2-25c) 

Kiiorgy loss due to moisture from air: 

Qa = Wav X 0.47 X (tg - O (2-25d) 

Ifiiiergy loss due to dry-gas sensible heat: 

Qs = Wdg X Cp X (tg — to) (2-25e) 

The value of Cp is assumed to be 0.24, the same as for air. Calculations, 
If warranted, can be made for the mean Cp for the given mixture of dry 
Heat-loss tables or tables for enthalpies of gases can also be used 
for this and similar calculations. 

IfliMO'gy loss due to incomplete combustion: 

28(70 

44C0. + 28CO + 2 SN, + 320, 
tClK'Pgy loss due to carbon in refuse: 

Qi = Wb X Cr X 14,544 (2-25^) 

ftnorgy loss due to surface heat transfer and unaccounted-for losses: 

Qs = HHV - SQito 7 (2-25/1) 

♦ t'roni A8ME Power Test Code for Stationary Steam Generating Units, 1946. 
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The above items for the heat balance are reported in Btu per pound of 
fuel for each item or as a percentage of the higher heating value. Each 
heat-balance calculation is for one given load or steam output. The 
values vary with the rate of steam output, in which case similar items 
for different outputs are plotted against the outputs, giving the per¬ 
formance curves. These plots generally also include the variation of 
pressure and temperature of steam, flue gases, and feedwater for the 
steam generator which come from direct test measurements. An aver¬ 
age range of heat-balance values expressed in per cent is 


Qi = 50-90 Qt = 6-30 Qi = 0-2 

Q 2 + 3+4 3— 5 Qe — 0— 5 Qs = 2—9 


The form of calculation outlined above requires weights of fuel and water 
to be determined. The items can also be calculated by a “heat-balance 
method.” That is, if a value for Qs, the radiation loss, is assumed, the 
other items can be evaluated without weighing fuel and water. The 
accuracy of course depends on how well this loss is known. 

The performance of a steam generator is indicated by its efficiency. 


Qi 

“ HHV 


(2-26) 


This is the over-all gross efficiency. If the auxiliary power needed for I 
operating the unit is appreciable, the net efficiency may be calculated. I 
The auxiliaries include draft fans, pulverizers, and other energy-consum- I 
ing equipment. These may be either steam- or motor-driven. In I 
computing net efficiency the ASME Power Test Code indicates arbitrary I 
methods of debiting the Qi item to account for energy used by the 1 
auxiliaries. Net efficiency may also basically be computed by replacing 
the W terms in Eq. (2-25a) by W - TEa« to compute Qi and using 
Eq. (2-26). The term Waux is the weight of steam directly used for I 
steam-driven auxiliaries plus the steam equivalent of the power used by j 
the motor-driven auxiliaries. Net efficiency is more indicative of boiler j 
performance and differs by some 2 to 3 per cent from gross. The gross 

efficiency is mostly used. | 

The efficiency of steam generators is first a function of design. Beyond J 
that, efficiency depends upon the loading and manner of operation. 
Good operation consists in; (1) control and limiting of excess an; (2) 
minimizing combustibles in refuse; (3) minimizing combustibles in flue 
gas; and (4) maintaining clean heat-transfer surfaces. 


PROBLEMS 

2-1. A combustion process occurs between 50 lb of carbon and two-tbirds of tliO 
air needed for complete combustion. 
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Calculate: 

ft. Relative weights of carbon dioxide and carbon monoxide produced 
h. Percentage of complete-combustion lie at developed 

2-2. Calculate the relative weights of air needed for the combustion of equal 
wciglits of carbon, hydrogen, and sulfur. 

2-3. Derive or demonstrate the following equations: (2-2)' (2-4)' (2-9a) to ( 2 -Qf)' 
(2-13); (2-20); (2-24). ’ 

2-4. A producer gas has the following percentage volumetric composition: 

CO 2 = 10.8 CO = 18.3 CHi =3.1 
O 2 = 0.1 = 12.9 N 2 = 54.6 

C 2 H, =0.2 

(Calculate: 

a. Weight analysis by elements 

\i. Weight analysis by compounds 

2-6. An anthracite coal has the following composition; 

C = 84.7 W = 1.5 A = 5.8 

= 2.9 >8 = 0.8 W = 2.7 

0 = 1.6 

Calculate for complete combustion per pound of coal: 

< 1 . Theoretical weight of oxygen required 
h. Actual air needed if 35 per cent in excess 

^ bituminous coal has the following composition: 

C = 71.6 W = 1.3 A = 9.1 

H = 4.8 S = 3A W = 3.5 

0 = 6.3 

Cf'alculate for complete combustion per pound of coal: 
fi. Theoretical weight of air required 

It. Actual weight of air required for a dilution coefficient of 1.6 
c. Actual volume of air at 14.7 psia and 80 F 

2-7. Calculate the volume of air at 14.6 psia and 70 F required for the complete 
(Mniihustion of the following fuel oil if 20 per cent in excess is used: 

C = 83.65 S = 0.75 O = 1.20 
H = 12.70 N = 1.70 

2-8. A natural gas has the following percentage volumetric composition: 

CH^ = 59.8 N 2 = 2.2 

= 37.6 CO 2 = 0.4 

(Jiilculate for complete combustion: 

a. Pounds of air theoretically required per pound of gas and per cubic foot of gas 
Ml 16.8 psia and 80 F 

k Ibitio of air to gas volume at 14.7 psia and 60 F if air is 25 per cent in excess 
2-9. A subbituminous coal has the following analysis; 

C = 60.1 A = 1.1 A = 5.0 

A = 4.2 S = 1.3 W = 12.2 

0 = 16.1 
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Calculate for complete combustion and dry air 40 per cent in excess. 

a. Weight of air required per pound of coal 

b. Volumetric analysis of flue gas and dry gas 

2-10. A fuel oil has the following weight per cent analysis 


C = 85.4 O = 2.8 S = 0,3 

H = 11.3 N = 0.2 


Determine: 

a. Hypothetical mole formula for 100 lb of fuel 

b. Complete reaction equation per 100 lb of fuel for dry air 40 per cent 

c. Dry-aaa analysis based on CO^, Oj, A s 

d. Water dew-point tempera ture of the flue gas at atmospheric pressure 
2-11. A fuel gas has the following volumetric analysis; 


in excess 


CH, = 68.0 = 32.0 

Assume complete combustion with 15 per cent excess air at 14.7 psia, wet-bulb 70 F 
and dry-bulb 80 F. 

^'"vXme of actual (dry -h water vapor) air required per 1,000 cu ft of gas at same 
pressure and temperature 

b. Water dew-point temperature of the flue gas ^ ^ . , ... or „„ 

2-12. A bituminous coal from Pike Co., Ind., as in Table 1-2 is burned with 36 per 

cent excess air at 90 F dry-bulb and 80 F wet-bulb. 

Determine: 

a Air (dry + water vapor)-fuel ratio 

b. Weight of flue gas per pound of coal if dry refuse shows 80 per cent ash 
2-13. A bituminous coal has the following analysis: 


C = 79.6 W = 1.8 A = 8.6 

H = 4,5 S = 0.5 W = 1.2 

0 = 3.8 


Calculate the dry-gas analysis (CQ„ CO, 0„ N,) for a dilution coefficient of 1.35, 
assuming that 5 per cent of the carbon burns to carbon monoxide. 

2-14. Air having a dry-bulb temperature of 78 F and a wet-bulb of 68 F is used m 

burning the following coal: 


C = 58.0 V = 1.0 A = 8.0 

i/ = 4.8 (S = 2.0 W = 10.0 

0 = 16.2 


Calculate for complete combustion: 

a. Percentage of moisture in the air _ 

b. Pounds of actual air (dry + water vapor) theoretically required 
2-16. The analysis of a fuel oil is as follows: 

C = 83.9 = 2.2 N = 0.0 

H = 13.9 0 = 0.0 

Calculate for complete combustion with 20 per cent excess of dry air: 

a. Flue-gas volume in cubic feet per pound of oil at 400 F and 14.5 psia 

b. Dry-gas volumetric analysis (CO2, O2, V2) 
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1 - 16 . A fuel-gas mixture has the following volumetric analysis: 

CHa = 75.5 Cs^e = 24.5 

Oftloulato the dry-gas analysis for complete combustion with dry air if 20 per cent 

1ft OXOOBS. 

1 - 17 . An Orsat apparatus showed the readings given in Table P-1 for each of three 
illtiilAr Hamples: 

Table P-1 


C 02 

85.8 

86.8 

86.1 

02 

82.2 

82.7 

82.4 

CO 

80.S 

81.6 

81.1 


Cftldulate the average dry-gas analysis. 

l-i 8 t C^onvert the analysis to the weight basis for both elements and compounds in 
ft'ob. 2-17. 

1 - 16 . The following gas analysis was obtained for a flue-gas sample: 

CO 2 = 11.1 CO = 0.6 N 2 = 80.5 O 2 = 7.8 
MxlJniatc the excess air being used. 

|■ 80 . A test at a power station showed 8,133 lb of coal fired per hour. Coal analy- 
lli ihfiWM an ash percentage of 7.80, and the refuse shows 4.3 per cent combustible. 
RtlliMilatc: 

61 rounds of refuse per hour 

b, (!a?'boii in refuse in pounds per hour 

1 - 81 . The analysis of the refuse from a coal-fired furnace which has been sprayed 
iUh wab^r is by weight 

Ash = 75.0 Combustible = 15.0 Moisture = 10.0 

AliUliin (,he coal a semibituminous, as in Table 1 - 2 , from Pitkin Co , Colo Deter- 
Iftlll^ Mio (wu'bon in dry gas per pound of coal. 

I ln^ following stack gas was obtained from a furnace burning bituminous 

ImIi 

CO 2 = 12.6 CO = 0.2 N 2 = 80.7 O 2 = 6.5 

nNli|iit refuse contains 8.5 per cent combustible matter, and tbe coal used bas 
flilltiwiiig analysis; 

C = 73.4 A = 1.5 A = 7.6 

H = 5.0 S = 3.0 W = 3.5 

0 = 6.0 

I 'Nli'idahi; 

M. I'lmiidH of dry gas per pound of coal 

k I'iiuikIh of fine gas per pound of coal, assuming dry combustion air 
|.||. ’IVhI (lata from a boiler are as follows: 

(Inal aiialyHlN: 

C = 75.0 A = 2.0 A = 9.0 

H = 5.0 S = 1.0 W = 1.0 

0 = 7.0 

Ill',V iiiial.VHis: 

Oj = 6.6 


COi - 12.3 


A, = 80.8 


CO = 0,3 
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Refuse analysis: 

Ash = 92.0 

Air has 1.7 per cent moistiire.^ 

Calculate per pound of coal: 

a. Actual air used 

b. Air theoretically needed with given moisture 

c. Percentage of excess air and dilution coefficient 

2-24. A Texas natural gas has the following percentage volumetric analysis: 

CO 2 = 0.2 C 2 H 6 = 2.9 N 2 = 2.3 

CJ /4 = 94.4 O 2 = 0.2 

Dry-gas analysis: 

CO 2 = 10.1 O 2 = 5.8 iVa = 84.1 

Calculate, per pound of gas: 

a. Pounds of dry gas 

b. Pounds of dry air stoichiometric ally required 

c. Pounds of dry air actually used 

d. Percentage of excess air . , . r 

2-25. A bituminous coal from Jefferson Co., Ohio (Table 1-1), is burned m a fur¬ 
nace with the following results: 

CO 2 = 11.0 Oa - 7.1 iVa - 80.6 CO = 1.3 

Refuse analysis: 

Ash = 95.0% 

Assume the combustion air to be dry, and calculate: 
a. Pounds of flue gas per pound of coal 

b Cubic feet of flue gas per pound of coal at 500 F and 14.5 psia 

2-26. Data from a test on No. 5 boiler at the River Rouge plant of the Ford Motor 

Company are as follows: 

Ultimate analysis of coal as fired: 

C = 78.0 H = 4^92 0 = 6.76 W = 1.70 

N = 1.60 S = 0.62 A = 6.40 


HHV of coal as fired, 13,713 Btu per lb 
Coal rate, 73,530 lb per hr 
Refuse rate and analysis: 


Ashpit refuse, 941 lb per hr, 
C = 0.3 

Fly ash, 5,136 lb per hr, 

C = 26.7 

Dry flue-gas analysis: 

CO 2 = 13.7 O 2 = 4.5 

Flue-gas temperature, 375 F 
Steam data: 

Pressure, 1,260 psia 
Temperature, 900 F 
Steam rate, 820,000 lb per h 


A = 73.3 


CO = 0.00 N 2 = 81.8 

Feedwater data: 
Temperature, 393 F 
Pressure, 1,500 psia 
Air data: 

Dry bulb, 99 F 
Wet bulb, 66 F 
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Calculate the complete energy balance on the Btu per pound of fuel and percentage 

basis. 

2 - 27 . Data from a test on the stoker-fired steam generator of the Federal Central 
Heating Plant in Washington, D.C., are as follows: 

Ultimate analysis of coal as fired: 

C = 76.4 = 4.5 O = 2.6 W = 3.7 

i\r = 1.3 S = lA A ^ 10.1 

HHV of coal as fired, 13,410 Btu per lb 
Refuse analysis: 


C = 12.2 Ash = 87.8 


Coal rate, 19,812 lb per hr 
Dry flue-gas analysis: 


CO 2 = 15.73 O 2 = 3.13 CO = 0.03 = 81.11 


Flue-gas temperature, 603 F Feedwater data: 

Steam data: Temperature, 122 F 

Pressure, 200 psia Air data: 

Quality, 99.5 per cent Temperature, 60 F 

Steam rate, 194,561 lb per hr Relative humidity, 40 per cent 

Calculate the complete energy balance on tiie Btu per pound of fuel as fired and per- 
QOnitige basis. Illustrate the balance graphically to some convenient scale. 

2 - 28 . Data from a boiler test are as follows: 


Ultimate analysis of coal as fired: 


C = 57.61 H = 3.73 0 = 5.80 W = 12.00 

N = 1.07 S = 3.29 A = 16.50 

HHV of coal as fired, 10,420 Btu per lb 
Refuse analysis: 

C = 20.0 A = 80.0 
Dry flue-gas analysis: 

CO 2 = 13.0 O 2 = 7.0 CO = 0.0 N 2 = 80.0 

Flue-gas temperature, 350 F 
Air data: 

Dry bulb, 70 F Wet bulb, 60 F 

(!iil(!ulate an energy balance assuming an '‘unaccounted and radiation loss’’ of 3.7 
cent. 

1 - 29 . Data from a test on a reheat steam-generating unit are as follows: ' 

Ultimate analysis of coal as fired: 

C = 71.9 O = 5.3 aST = 2.3 W = 5.0 

H = 4.8 A = 1.3 A = 9.4 

Fuel heating value, dry (laboratory basis), 12,940 Btu per lb 
Refuse analysis: 


C = 4.0 
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Fuel rate, 80,000 lb per hr 
Dry flue-gas analysis; 

'CO 2 = 15.9 CO = 0.0 

O 2 = 2.6 Ni = 81.5 

Flue-gas temperature, 285 F 
Steam data: 

Superheater outlet = 2,075 psia, 1050 F, 845,391 lb per hr 
Reheater inlet = 362 psia, 653 F, 691,266 lb per hr 
Reheater outlet = 342 psia, 990 F 
Feedwater data: 

Feedwater inlet, 537 F, 2,163 psia ^ 

Air data: 

Ambient temperature, 82.7 F dry bulb, 58.9 F wet bulb 
Temperature air for combustion to air heater, 121 F 

Calculate an energy balance. - 

2-30. Ten pounds of steam at 450 psia and 500 F is formed from feedwater at 
250 F per lb of coal fired in a steam generator. The refuse contains 9.1 per cent com¬ 
bustible, and the coal has 10.8 per cent ash and a high heat value of 14,150 Btu per 
lb. The auxiliaries of the steam generator require 4 per cent of the steam generated. 
Calculate: 

a. Gross steam-generator efficiency 

b. Net steam-generator efficiency 

2-31. A steam turbine requires 12.0 lb of steam for each kilowatthour of output. 
Steam conditions are 900 psia and 570 F. Feedwater temperature is 300 F. Three 
per cent of the turbogenerator output is used for steam-generator auxiliaries. Steam 
is generated at 12.5 lb of coal. The HHV of coal is 13,610 Btu per lb. 

Calculate: 

a. Gross efficiency of the steam generator 

b. Net efficiency of the steam generator 

SELECTED BIBLIOGRAPHY 

ASME Test Code for Steam Generatmg Units, 1946. 

ASTM Fuel Test Codes. 

Babcock & Wilcox Company: '‘Steam—Its Generation and Use,” 37th ed., New York, 
1955. 

Combustion Engineering Company, Inc.: “Combustion Engineering, New York, 

1953. ' . T. • j 

Fearn, G. A., and W. Tessin; The Influence of Sulphuric Acid upon the Dew Point of 
Combustion Gases, Journal of the American Society of Naval Engineers, Novem¬ 
ber, 1953. 

Fuels and Firing, Special Section, Power, December, 1948. 

Gaffert, G. A.: “Steam Power Stations,” 4th ed., McGraw-Hill Book Company, Ino., 
New York, 1952. 

Lewis, W. K., A. H. Radasch, and H. C. Lewis; “Industrial Stoichiometry,” McGraw- 
Hill Book Company, Inc., New York, 1954. 

Potter, P. J.: '‘Steam Power Plants,” The Ronald Press Company, New York, 1949. 
Smith,'M. L., and K. W. Stinson: “Fuels and Combustion,” McGraw-Hill Book Com¬ 
pany, Inc., New York, 1952. 

Zerban, A. H., and E. P. Nye: “Steam Power Plants,” International Textbook Com¬ 
pany, Scranton, Pa., 1952. 


CHAPTER 3 


ENERGY CYCLES 


3-1. Cycles to Convert Energy. Energy as a heat flow may originate 
ill the burning of fossil fuels, solar radiation, or nuclear reactions. Space 
heating and industrial process heating use the greatest amount of energy. 
Mechanical energy appearing as a force acting through a distance or a 
torque acting through an angle to move pistons or turn shafts of pumps, 
funs, and generators is as important as heating, but usually smaller in 
quantity in commercial applications. 

The terms heat and work designate the two fundamental forms of 
energy flow. Thermal power stations convert heat to work and then 
often to electrical energy through some form of energy-conversion cycle. 
The field of thermodynamics encompasses the study of energy cycles. 

Heat flow involves a quantity aspect and a temperature pattern. For 
example, 970.3 Btu vaporizes 1 lb of water at 14.7 psia and 212 F. The 
070.3 Btu is the quantity aspect, and the temperature pattern has no 
change for the water or steam. Temperature patterns may rise or fall 
with heat flow into and out of a medium. 

The maximum work, or available energy, developed from a heat flow 
depends on the heat quantity, its temperature pattern, and the lowest 
ttiubient or receiver temperature available. A heat cycle receives a heat 
flow at a given temperature pattern, to convert part to work and discard 
i\w remainder to the receiver. 

idt'fil heat cycles use heat in ideal, or reversible, processes of working 
Iluiils to develop the available energy as work. Actual heat cycles use 
lir'iit in practical and imperfect processes of working fluids that develop 
IcNM t han the ideal available energy as work and discard more energy to 
thn I t^ceiver than the ideal cycle. 

I^'igure 3-1 shows a general heat cycle on temperature-entropy coordi- 
Area 4-1-b-a measures the heat flow into the working fluid that 
Necives it at the temperature pattern 4-1. Area 1-2-3-4 measures the 
UVailiible energy referred to the receiver temperature. Actual tempera- 
ill ro (lifTcrences needed for heat transfer and imperfect processes may 
|lvt' an imperfect cycle like l-2^-3'-4. The greater area under 2'-3' corn- 
pa red with that beneath 2-3 shows more heat rejected from the cycle. 
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This means that the same amount of heat develops less work output in 
an actual cycle than the ideal cycle. 

If process 4-1 were at constant temperature, the cycle 1-2-3-4 would 
be the Carnot cycle with a thermal efficiency 


Vt 


work output _ Ti — T 2 
heat received 




(3-1) 


where Ti is the constant source temperature and T 2 the constant receiver 
temperature. Note that this applies only to the ideal Carnot cycle. It 



Fig. 3-1. Thermodynamic analysis of heat quantity and temperature pattern of heat 
flows in heat cycles. Area 4 - 1 -b-a, heat received; curve 4-1, temperature pattern of 
heat received; area 2-3-a-6, unavailable energy (ideal); area 1-2-3-4, available energy 
(ideal). 

is important because it shows thai efficiency depends on the temperature 
of the heat flows into and out of the cycle. I 

Practical heat cycles must consider: ' 

1 . Heat source. Combustion, fission, fusion, solar radiation, etc. 

2. Cycle fluid. Water, steam, gases, or any liquid or vapor 

3. Mechanical equipment Apparatus in which cycle processes take 
place 

4 . Cycle processes. Nature and number involved 

5 . Heat receiver. Region or medium with lowest available temperature 

6 . Thermal efficiency = (net work output)/(source heat input) 

To measure how perfect actual processes are compared with their 
ideal counterparts, the following ratios are used: 


_ actual work 
” isentropic work 


(3-2) 
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This is the isentropic engine, or expansion, efficiency, used for work- 
producing processes. 

_ isentropic work 

actual work (3-3) 


1 his is the isentropic compression efficiency, used for work-absorbing 
processes. Sometimes machine efficiency designates joint compression 
and engine efficiencies in a cycle. 

Most cycles have positive and negative work internal exchanges, the 
dllfcrence usually being the net work output; they are compared by the 
Work ratio 

^ _ net cycle work 

positive cycle work (3-4) 

111 u gas-turbine cycle this would be figured as 

_ tu]* bi ne output — compressor input 
turbine output 

Low work ratios indicate the need for relatively large machines, to develop 
Hi given net work output. This means a larger investment in equipment. 


VAPOR POWER CYCLES 


8-2. Rankine Cycle. The Rankine cycle is the simplest theoretical 
fly (lie using vapor as the working medium. Figure 3-2a and b shows the 
flow diagram and T-S diagram of the cycle. Only very small-capacity 
pluiitH would actually use this cycle. We study it because it gives a 
ilinple basis for finding the effects of varying boiler pressure, tempera- 
lUrcH, and condenser back pressures or vacuums. 

the ideal T~S diagram the area 1-2-3-4 represents the net work 
flUtpiit W and the area a-3-2-5 the heat Q, rejected in the condenser. 
TlKHirca a-4-1-5 represents the total heat added Qa. The Rankine cycle 
ifll(ii(Micy is 


^ W, - PW _Q^-Q^ _ (hi - hi) - {h2 - h) .. 
Q- Qa Qa hi - hi 


iHiwt'fitiK t.lit; condenser pressure will raise the thermal efficiency. The 
Imvcsl cnjidenser pressure that can be reached ideally will be the satura- 
linn iJivssiire inirrespunding to the lowest available temperature of water 
Ml litr ilint acts as the receiver. 

HIikmi Qr can be transferred only through a temperature drop, the actual 
uniKlciiHcn' pressure will always be higher than the theoretical. Figure 3-3 
iliinvx the variation of efficiency with condenser back pressure for differ- 
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ent initial steam conditions. Actual back pressures depend on cooling- 
water temperature and flow rate, the amount of heat-transfer surface, 

and its cleanliness. * . i i ■ 

Great strides are being made in raising steam-plant thermal efficiency 
by raising both boiler steam pressures and temperatures. Ecpiation (d-ij 
shows that cycle efficiency depends only on the temperatures of heat 
addition and rejection. Specifically, adding the cycle heat at the highest 




Fig. 3-2. Schematic of simple Rankine cycle. Note throttling (h - c) and actual 
turbine process Scale of pump process 3-4 is too small to show on this diagram, 

possible average temperature will raise cycle efficiency as much as possi¬ 
ble. The average steam temperature in the steam cycle rises by super¬ 
heating or by raising the boiler pressure or both. Figure 3-4 shows the 
variation in Rankine-cycle efficiency with steam temperature and pres- 
sure for a given value of condenser pressure. 

Using high pressures depends upon adequate joints and sealing devices 
at various points in the cycle. Welding has greatly aided the practicality 
of high-pressure steam. Steam entering a turbine must have a high 
enough temperature to avoid having more than 12 per cent moisture in 
the exhaust. The moisture entrained as a fine mist has great eroding 
power and rapidly wears away the turbine buckets in the last few atagoe. 
For a given initial pressure the higher the initial temperature, the lower 
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tho exhaust moisture. Irreversible effects reduce moisture content 
during expansion. 

Vm\g high steam temperatures depends on the availability of steel 
alloys that can withstand high pressures at these elevated temperatures. 
Metals creep (slowly expand) with a loss of strength when subjected to 
liigh temperatures for extended periods. The highest temperature to 



K’lo. .J-.-J, Effect of back pressure on Rankine-cycle efficiency. Curves are for ideal 

he applied in steam cycles will be 1200 F, and many commercial cycles 
UNO 1050 F. 

I lu^ thermal efficiency of an actual plant running on the Rankine cycle 
In IcHH than the theoretical for given throttle and exhaust conditions. 
Irreversible effects in the steam main from boiler to prime mover and 
III tiui prime mover decrease correspondingly increasing Qr. The 
ptliDp work PTF will be greater than ideal because of the pump irreversibil¬ 
ity ajul the losses in the driving engine or motor. 

An actual plant has auxiliary devices needing an energy input in addi- 
llon to the boiler feed pump. This either increases Qa or decreases W, 
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Throttle Temperature - F 

Fig. 3-4. Effect of throttle steam conditions on Rankine-cycle efficiency. Note 
supercritical curves. 

Also, energy input to the actual plant is greater than Qa by the extent of 
the boiler losses. 

For a nonextraction turbine plant in which the prime mover drives 
a generator and all the auxiliaries are driven by electric motors supplied 
from the generator the actual ov£r-all station thermal efficiency will be 


, ■nW, - AW 

Qa/Vi 


■qjhi — hi") — AW 

(hi — hi)/r]i 


(3-6) 


^here r? = ov^r-all engine efficiency of prime mover 
We = theoretical energy = hi — / 12 ", Btu per lb 
AW = total energy demand of all auxiliary drives, including PW, 
Btu per lb 

= over-all steam-generator efficiency 
Qa = energy added to steam in steam generator = /ii — BtU 
per lb 

h 2 >' = final enthalpy for isentropic expansion from /ip, Btu per lb 
3-3. Reheat Cycle. Until about 1920, throttle conditions were nor¬ 
mally designed for about 250 psi and 600 F. The limit on the tempera¬ 
ture, owing to metallurgical considerations, meant that increasing boiler 
pressures would materially increase the moisture in exhaust steam al)frv 0 
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the safe maximum of 12 per cent. To attain the higher thermal efficien¬ 
cies possible with increased steam pressures, because of higher saturation 
temperature, the reheat cycle (Fig. 3-5) was created. The simplest form 
of reheat cycle compared with the Bankine cycle merely means withdraw¬ 
ing the steam from the turbine at some intermediate stage, returning it 
to the steam generator for resuperheating, and reintroducing it into the 
turbine at the following stage. There is an optimum reheat pressure 
for a given initial pressure and temperature (Fig. 3-6). 

Though the basic reason for reheating was to make the higher efficiency 
Irom increased initial pressure (saturation temperature) attainable, 
I'Ciheating of itself causes a gain in thermal efficiency, as evidenced by the 
curves at constant initial pressure (Fig. 3-6). This gain is realized 



Fig. 3-5. Schematic of simple reheat cycle. 

b(M!ause reheating raises the average temperature at which heat is added 
to l-be cycle. Today's high-pressure and -temperature plants running at 
pressures of 1,400 to 2,400 psia and 950 to 1150 F temperatures use 
refiejiXing as standard practice. The few supercritical plants at 3,500 
[jwia and above and 1050 to 1200 F use double reheating for the gain it 
offerH in thermal efficiency. 

In flowing through reheater piping the steam pressure drops (Fig. 3-5 ), 
ImiI. to ensure proper steam distribution among the many parallel pipes 
fif I lie I'cheatt^r the steam pressure may be dropped as much as 75 psi. A 
h'bcnler is a separate superheater placed in the gas passes of a boiler or 
Itciun generator. 

TIki ideal thermal efficiency of the reheat cycle is 

= Z = - PW ^ (hi - h ^) + (h, - h ^ ) - PW 

Qa Qn (hi /ig) -|- (hg — /I2) 


(3-7) 
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The actual over-all station thermal efficiency of a plant operating on a 
simple reheat cycle is 

, _ r,eWe - AW* _ vlXhr - h^") + y,"Ah,' - h,-) - AW 

" Qa [(/ti - he) + (hs' - h2')]/Vb 

Vb 

where rje = over-all engine efficiency of first section of turbine from 1 to 2 
rj'' = over-all engine efficiency of second section of turbine from 
3 to 4 

he' = final enthalpy for isentropic expansion from Btu per lb 
h 2 " = final enthalpy for isentropic expansion from he, Btu per lb 



Ralio of reheai to throttle pressures 

^ Fig. 3-6. Reheat-cycle efficiency variation with reheat pressure. Curves are for 
ideal cycle, 

3-4. Regenerative Cycle. A regenerative cycle keeps a given quantity 
of energy circulating within the cycle; this contributes to decreasing the 
irreversibility of some processes. The major irreversible process of the 
Rankine cycle is the mixing of the cold condensate with the saturated 
steam and water mixture in the boiler. If the condensate could be heated 
by absorbing heat reversibly from the steam as it expands in the prime 
mover, the irreversible mixing would be avoided. 

Bleeding steam from one or more stages of the turbine to heat the 
condensate on its way back to the boiler approximates the reversible 
heating. Figure 3-7a shows such an arrangement for a two-heateP 
regenerative cycle. Figure 3-75 shows the T-S diagram. 
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The T-S diagram is so drawn that the net area 1—4—fx—5—c—ff—10 is eq^u.iv^a— 
lent to the ideal We of the turbine. The actual-state points of the liquid 
are from 5 to 10 as indicated, when S is the entropy of the steam or water. 
If mi and m 2 are the rates of steam extraction for 1 lb entering the 
throttle, then there is 1 lb flowing from 1 to 2, 1 — mi lb from 2 to 3, and 



r’ld. 3-7. Schematic of regenerative cycle. T~S diagram plotted so that enclosed 
(lytde area represents net work. 

t — mi — m 2 lb from 3 to 4 and into the condenser. The ideal thermal 
idficiency of a two-heater regenerative cycle is 

W We-PW 

_ (hi — ^ 2 ) + (1 — mi)(/i2 — hs) + (1 — mi — m2)(53 — hi) — PW 

hi — hio 


(3-9) 
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where mi and m 2 are determined from heater energy balances. Com¬ 
pared with the simple Rankine cycle 1 lb of steam will not produce as 
great an amount of We ft)r the same steam conditions, because of the 
extractions m,i and m 2 . The marked reduction in Qa, however, greatly 
increases the cycle efficiency. For given initial steam conditions the 
efficiency of the cycle increases with each additional heater. The bleed 
points are efficiently placed when the enthalpy rise of the condensate in 
each heater equals the enthalpy difference of saturated water in the 
condenser and the boiler divided by the number of heaters plus 1. Figure 



Fig. 3-8. Regenerative-cycle efficiency variation with number of heaters. Curves am 
for ideal cycle. 

3-8 shows the increase in theoretical cycle efficiency for given throttlal 
conditions as additional heaters are provided in an ideal regenerative | 
cycle. The zero heater condition is the Rankine cycle; the greatest 
increment in efficiency occurs by the addition of the first heater; the 
increments for each additional heater thereafter successively diminish 
until it is evident that the cost of adding another heater and pump will 
not in all likehhood be justified by the saving in Qa. Five points of 
extraction are mostly used in practice; some cycles use as many as nine. 
To save the cost of pumps, the cascading type of heater installation 
has often been used (Fig. 3-7c). The heaters are all of the closed type 
instead of the open, or contact, type as in Fig. 3-7a. The bleed .Hteani 
condensate from the high-pressure heater collects in the heater hot woU 
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and flows to the lower-pressure heater, where part of this condensate 
flashes into steam at the lower pressure and contributes toward enthalpy 
increase of the main condensate. This flashing reduces the amount of 
low-pressure extraction with some loss in cycle efficiency, but the loss is 
more than offset by the saving in the investment in the pump required 
with a contact-type heater. The cascading arrangement can be used 
with any number of heaters. 

The expression for the actual over-all station thermal efficiency of a 
i‘(igenerative cycle is considerably simplified by having the turbine condi¬ 
tion line given rather than the turbine-engine efficiency. Then, for a 



Fig. 3-9. Schematic of reheat-regenerative cycle. 

Ciycl(^ driving an electric generator and motor drives on the auxiliaries 
Kiid using contact-type heaters, the actual thermal efficiency is 




[{hi^ — h2') + (1 - 


/13O {I —m[ — m2 )— AW 

{hi — 


(3-10) 


where mi, = actual masses of bled steam different from theoretical 
= turbine mechanical efficiency 
7 }q = generator efficiency 

8-6. Reheat-Regenerative Cycle. At the present time with 1200 F 
temperature being seriously considered as a commercial feasibihty, 
(client would not be applied to a cycle with a throttle pressure less than 
1,'JOO psi. However, for pressures higher than this value, reheat would 
he ('inploycd and invariably combined with a regenerative cycle as shown 
hi h’ig. 3-9, employing three heaters as an example. 
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The ideal thermal efficiency of this cycle is 

{hi - hi) + (1 - - hi) + (1 - mi - m^C^i - As) 

* + (1 — mi - ma — maKAs — Ae) - 
’’Irha ~~ ■ f/t, — /jj 4 ) + (i — mi)(ft3 — As) 

(3-11) 

With the turbine condition line as a basis the actual over-all station 
thermal efficiency is 

VivJ{hi‘ - hi') + (i - m'i){ki' - hi') + (1 - m'l - m^fAv - M 
-b (1 — m[ — m^ — nii)(kf' — AsQ] - AW 
’JrtB = KAi' - Ah') + (I - ml) (As' - hi')]/rii ~ ~ 

(3-12) 

In all the foregoing cycles the thermal efficiency is an absolute measure 
of the relative effectiveness of those cycles. However, a common 
designation of cycle performance is the heat rate, 

fjR = Btu per kwhr (3-13) 

V 

where rj is the thermal effieiency. 

The steam rate is also usually quoted to permit calculation of the boiler 
capacity required. The steam rate is 

gji = • lb per kwhr (3-14) 

hi — hf 

where vb = boiler or steam-generator efficiency 

Ai = initial steam enthalpy Jeaving steam generator, Btu per lb 
hf = feedwater enthalpy entering steam generator, Btu per lb 
HR = over-all station heat rate, Btu per kwhr 
. 3-6. Binary Vapor Cycles. Cycles using two fluids Muth a heat- 
transfer link between them have been applied to a limited extent; the 
best known uses water and mercury. At comparable temperatures the 
mercury pressure is much lower than for water. Being a liquid metal 
with low specific heat, mercury’s saturated liquid line on the T-S chart 
is very steep, approaching the Carnot cycle. This improves actual 

thermal efficiency. • rn,* 

Figure 3-10 shows the layout of the cycle in elementary fashion. 1 hia 
ideal T-S chart assumes a temperature difference to transfer heat from; 
the upper to the lower vapor. A mercury-steam cycle needs about 
10 lb Hg for every pound of steam flow, since the latent heat of mercury 
is about one-tenth that of water. On the T-S diagram the entropy scalei 
is drawn for 10 lb Hg and 1 lb H^O. Mercury leaves the mercury boiler 
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at 1 in a dry saturated state and expands isentropically in the ideal 
mercury turbine to state 2. It then enters the mercury-water heat 
exchanger (condenser-boiler) to give up its heat to the water by con¬ 
densing to a saturated liquid at state 3. After passing through the 
mercury pump, it returns to the mercury boiler in state 4 for reevapora¬ 
tion to state 1. 

The water leaves the condenser-boiler as a dry saturated vapor at 5 
and passes through a superheater in the mercury-boiler furnace to 6. 
The steam enters the steam turbine, expands isentropically to 7, then 
condenses to a saturated liquid at 8. The pump pushes the water back 
to the condenser-boiler as a compressed liquid at 9. 



'I'lie T-S diagram shows the heat added to the cycle as the areas under 
4-1 and 5-6; heat rejected is the area under 7-8. The total area enclosed 
hy the two process diagrams equals the net work of the cycle. The 
l^ata-ngular shape of the over-all diagram indicates the basically high 
nicy of the cycle. These plants have run at heat rates under 
|I),(MK) lUu per kwhr. The few plants that have been built are losing 
favor because of their high initial cost and maintenance cost. 


GAS POWER CYCLES 

8 - 7 . Spark-ignition Cycle. In gas power cycles a fuel-air mixture 
huCMH inside a cylinder, and the combustion gases act directly as the 
Working fluid. Beau de Rochas suggested an internal-combustion 
aiialoe cycle as early as 1862. A German engineer, Otto, built a success- 
ful engine on this basis in 1876, and the so-called “Otto cycle” emerged 
OH file accepted reference. 

|*’lgiire 3-1 la and b shows the theoretical cycle using air as the working 
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fluid. A source transfers heat to the air through a conducting cylinder 
head to raise the air pressure; after expansion the air transfers its remain¬ 
ing heat to a receiver through the same cylinder head. The ideal 
processes are: 


1- 2 Addition of heat at constant volume Qa 

2- 3 Isentropic expansion of the air in the cyHnder transferring work 
to the piston 

3- 4 Rejection of heat at constant volume Qr 

4- 1 Isentropic compression of the air by the piston 


The thermal efficiency of the air-standard Otto cycle is 


W 




Qa - Qr _ , 
Qa 




(3-15) 


where = compression ratio = V^/Vi 

k = specific-heat ratio = Cp/cv = 1.3 to 1.4 for air 
Equation (3-15) shows that high compression will yield high efficiencies. 





io) {/?] {c) 

Fig. 3 -11. (a) and (h) Air-standard Otto cycle; (c) P-V diagram (indicator card) of a 
typical s-i engine using four strokes with fuel burning in air within the engine. 


Figure 3-11 compares an actual cycle with a theoretical Otto cycle. 
These factors influence the actual cycle and are not accounted for in the 
theoretical: 

1. Heat transfers into or out of the gas in all processes. 

2. Throttling affects intake and exhaust pressures in cylinder. 

3. Actual engines mix clearance gas with fresh fuel-air mixture. 

4. Dissociation of combustion gases. 

5. Variation of specific heat with temperature. 

6. Variation of fuel-air ratio during operation. 

7. Characteristics of various fuels. 

8. Ignition and valve timing. 
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The shaft output of an actual engine may be computed from: 




shp = ihp X rira = (paX A X L X N X ^ X n 


X^ 
^ A 


X HHV X rits 


J 


(3-16) 


rpm 
n = 

Vv = 

N = 

rfm 
Vts 


33,000 

where shp = shaft horsepower 

ihp = indicated horsepower 
HHV = higher heating value of fuel, Btu per lb 
pa = entering air density, lb per cu ft 
F/A = fuel-air ratio, lb per lb 
L = piston stroke, ft 
A = piston area, sq ft 

engine speed, revolutions per minute 
number of piston strokes per cycle 
volumetric efficiency 
number of cylinders 
mechanical efficiency 
shaft thermal efficiency 

A carburetor usually meters fuel into an air stream entering the spark- 
ignition (s-i) engine. Present development work aims at injecting fuel 
into the air stream ahead of the intake valve with a fuel pump. This 
Hhould give better air-fuel ratio control in multicylinder engines. 

3-8. Compression-ignition Cycle. A compression-ignition (c-i) engine 
depends on the high temperature of air compressed in a cylinder to ignite 
I'liiil separately injected into the cylinder. Figure 3-12 shows a theoreti¬ 
cal and an actual cycle for this type of engine; the processes are: 

f)-l Isentropic compression 

1- 2 Heat addition at constant volume Qav 

2- 3 Heat addition at constant pressure Qap 

3- 4 Isentropic expansion 

Heat rejection at constant volume Qr 

'I'he diesel cycle has all its heat added at constant pressure; Fig. 3-12 
hIiows the dual, or combination, cycle. The thermal efficiency of this 
cycl(^ is 


Vi 


(i}uv H” Qa 


Qr 


Qav + Q a 


1 - 


1 


(Vs/Fi)^-^ 

{P2/Pi)(v,/V2y - 1 
[{P2/P)l - 1] + k{P2/Pl)[{Vs/V2) - 1] 


(3-17) 


wImm'c P = pressure, psia or psfa 
V = volume, cu ft per lb 
k = 1.3 to 1.4 for air as standard fluid 
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Practical engines compress air through pressure ratios of 12 to 18 in a 
cylinder and then inject the fuel into the high-pressure high-temperature 
air. A pump forces the fftel oil through a spray nozzle in the cyhnder 
head. Essentially the same factors as in Sec. 3-7 affect the combustion, 
compression, and expansion of the gases in the c-i engine. Equation 
(3-10) may also be used for a c-i engine to calculate the shaft horsepower. 

Combustion passes through three phases in c-i engines: (1) Ignition 
delay is the time interval from the instant fuel first leaves the injection 
nozzle until combustion starts. (2) The second phase burns fuel admitted 
during the delay period; this approaches constant-volume burning with 



[a) (d) {c) 

Fig. 3-12. Air-standard cycle as in (a) and (6) is present-day reference basis for c-i 
engines. Cycle also called dual or con^bination cycle. Indicator card as in (c) of 
actual engine is practical counterpart of (a). Note that pressure scale is so large that 
intake and exhaust pressure differences cannot be shown to scale. 

japid pressure rise that may produce knock. (3) During the third phase 
fuel ignites as it enters the cylinder and burns at about constant pressure. 
Figure 3-12c shows these three phases in the upper shape of the cycle loop. 

3-9. Free-piston Compressor Cycle. Figure 3-13 shows the main 
elements of an engine to produce hot pressurized gas that may be used 
to run a gas turbine. Two free-floating pistons compress air in the inner 
end cylinders for delivery to a combustion cylinder between the two pis¬ 
tons. Linkages synchronize piston movements and fuel injection. The 
fuel-air mixture burns in the cylinder, and the combustion gases expand to 
move the two pistons outward. As the inner pistons uncover the exhaust 
ports, the still hot and pressurized combustion gas leaves to enter a gaa 
turbine not shown. 

The intermittent operation and combustion in the cylinder and water 
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cooling allow the gases to reach high temperatures without needing special 
alloys. Efficiencies as good as with high-compression c-i engines may 
be realized. The exhaust, or power, gas has temperatures of about 
1000 F and pressures up to 75 psia. 

3-10. Simple Gas-turbine Cycle. The combustion gas turbine runs 
on the Brayton or Joule cycle as in Fig. 3-14, drawn as an air-standard 



80i//7ce 

cylinders 


[b] ^0 gas turbine 



liG. 3-13. Schematic of free-piston compressor, (a) Opposed pistons forced outward 
by c-i cycle compress air in bounce chamber and cause air intake; (6) exhaust ports, 
then scavenge ports open, and combustion gases flow to gas turbine; (c) pistons return 
by energy stored in bounce cylinders. 

cycle. The processes are: 1-2, isentropic compression; 2-d, heat addition 
at constant pressure Qa] isentropic expansion; and 4-1, heat rejection 
ut constant pressure Qr- 
The thermal efficiency for the ideal cycle is 


» A—1 


(3-18) 


vhere Vp = pressure ratio = P 2 /P 1 


Tv = compression ratio = F 1 /F 2 
A: = 1.3 to 1.4 for air as standard fluid 
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When a simple cycle is used for the actual turbine, its thermal efficiency 
is less than the equivalent ideal. Referring to Fig. 3-146, the over-all 
thermal efficiency is 


^ (^3 - h4)Ve — (62 — hi)(l/7}c) 

- K)/^.o 


(3-19) 


where h = enthalpies, Btu per lb 

= over-all isentropic turbine engine efficiency, fraction 
= over-all isentropic compression efficiency, fraction 
Vco = combustion efficiency 

Actual over-all shaft thermal efficiency can also be related to other 
variables, 

W^XjX HHY Xri.XJ 

--spbo- 

where Wa is the actual air flow to the turbine unit in pounds per minute. 

Figure 3-15 shows the effects of pressure ratio and combustion tem¬ 
peratures on gas-turbine performance. Most gas turbines work on the 
simple open cycle: atmospheric air enters the compressor, and the turbine 
exhausts to atmosphere. The simple cycle may also be used in a closed 
arrangement. A given mass of gas, usually air, circulates through com¬ 
pressor, turbine, and two heat exchangers for the heat-addition and 
-rej ection processes. 

3-11, Regenerative Gas-turbine Cycle. At any given pressure ratio 
the simple-cycle gas-turbine efficiency depends on gas-inlet temperature 
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and the machine efficiencies. These act to produce a maximum effi¬ 
ciency, but regeneration under certain conditions can raise efficiency 
further. 

A gas-to-air heat exchanger, called a “regenerator,” transfers heat 
from turbine exhaust to compressed air entering the combustor. Most 
regenerators use a shell-and-tube design, though flat-plate and rotary 
regenerative heaters as used for boiler air heaters are being developed. 



I^Yg, 3-15. Effect of variables on simple gas-turbine (Brayton, Joule) cycle for ideal 
and actual turbines. Values for actual cycles based on efficiencies shown in chart 
legend. 

Figure 3-16 shows a gas turbine with a regenerator and calculated per¬ 
formances. Efficiency gain depends on both inlet-pressure and cycle- 
Iiressure ratios. Regenerator performance is measured by its effectivenessj 


Vr 


actual air temperature rise 
maximum possible air temperature rise 


(3-21) 


Effectiveness varies from 0.5 to 0.8 with tolerable pressure drops in the 
(iycle. Pressure losses must be carefully controlled because they can 
offset the efficiency gains of regeneration. 

The thermal efficiency of the cycle in Fig. 3-16 is figured as 


Vt — 


_ {hi — h^)rfs — {h% — ^ii)/ve 


{hi - 


(3-22) 
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Figure 3-17 shows the effect of turbine gas-inlet temperature, pressure 
ratio, regenerator effectiveness, and compressor air-inlet temperature 
on cycle thermal efficienc/. The air-inlet temperature also has a large 
effect on the unit capacity. 





f 3 5 7 9 II 13 !5 f7 


Pressure ratio 


Pressure ratio 


(d) 

Schematic of regenerative gas turbine; (6), (c), and {d) performance 
based onj, = 70 per cent regenerator effectiveness, = 85 per cent, air inlet 

DU r j Tjco lUU per cent in combustor F, no pressure losses. 


3-12. Intercooling and Reheat in Gas-turbine Cycle. Intercooling 
air during compression can reduce the shaft work input to the compressor. 
This reflects the basic process of isothermal compression requiring mini¬ 
mum work. Figure 3-18 shows one- and two-stage intercooling. At 
highei pressure ratios intercooliiig raise.s thermal efficiency slightly. 
Prime benefits lie in reducing the air rate and raising the m>rk ratio, 
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where the latter is the ratio of cycle shaft output to total shaft work 
developed by the turbine. These factors are reflected in reducing the 
pliysical size of the machine for a given output. 



Turbine inlet temperature, F 
(a) 


Pressure ratio 
(b) 



(c) (d) 

3-17. (a) Effect of turbine-inlet temperature on cycle performance, (b) Effect of 
r-e^Dnerator effectiveness, (c) Effect of compressor-inlet air temperature, (d) 
I'itTcct of inlet-air temperature on turbine cycle capacity. Based on i}e = Vc — 85 per 
cent, 7 }r = 70 per cent, 1500-F inlet-gas temperature. 


Equation (3-1) and Fig. 3-1 show that maximum thermal efficiency can 
1)0 obtained when we have isothermal heat addition to the cycle. This 
proves impractical in actual cycles, but we can approach its benefits by 
reheating the gas after partial expansion in the turbines (Fig. 3-19). 
This proves helpful at higher pressure ratios, but again the prime benefit 
is the improvement in air rate and work ratio. 
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3-13. CombinaUon Gas-turbine Cycles. We can gain maximum 
benefits by combining regeneration, intereooUng, and reheating in gas- 
turbme cycles as in Fig. 3-2®. We see that the thermal efficiencies for 
the cycle without the regenerator increase noticeably at the higher pres- 
sure ratios by adding simultaneously intercooliiig and reheating. The 




inlet air 60 P, = 100 per cent, no preasnre ^ ~ 


regenerator added as the third factor shows the biggest gain. These 
curves apply to 1500-F turbine-inlet temperature, 60-F compressor-inlet 
temperature, 85 per cent machine efficiencies, and a 70 per cent regenera¬ 
tor effectiveness Figure 3-20c shows the air-rate improvement with 
simultaneous addition of intercooling and reheating. A regenerator, 
theoretically, has no influence on air rate. 
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Figure 3-20d shows that simultaneous intercooling and reheating 
also improve the work ratio. Again the regenerator theoretically has 
little effect on this performance factor. 



(c) 

Fig. 3-19. (a) Schematic of reheat in gas turbine; (b) W. and 

on 1500 -F inlet gas; v. = = 85 per cent, air inlet 60 F, „„ - 100 per cent, no 

pressure losses. 


A wide choice of cycle arrangement can be made for gas-turbine plan s. 
The gain in thermal efficiency must be balanced against the cost o 
the additional equipment in choosing a gas-turbine plant for a given 

apphcatiomsed Cycles. Figure 3-21 shows a simple-closed- 

cycle gas-turbine plant. Figures 3-16 to 3-20 show that pressure ratio, 
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and not absolute pressures, governs the cycle performance. Ev 
he oyo e so that that turbine exhaust enters the compressor inlet (throueh 
a reooolor) we can raise theJow-pres.sure end of the cycL tolny L^el 
and foi any set of conditions we can choose the best pressure ratio The 



-regenerative 

mmwsim 

i ) gases with better thermodynamic properties than air can be used! 
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The closed cycle gains these advantages at the cost of: (1) adding a 
recooler, (2) adding an air heater, (3) using an external combustion 
system with more auxiliaries, and (4) using a more complex over-all con¬ 
trol system. 

3-16. Water Injection. Some improvement in efficiency or capacity 
may be made by injecting water into the cycle at the compressor inlet, 


Fig. 3-21. Simple closed cycle circulates air (or other gas) only, and firing is indirect. 

compressor discharge, or combustor discharge. This increases the mass 
of fluid in the cycle to increase output but may not always raise the 
over-all cycle thermal efficiency. 

Some thermodynamic studies for specific cycle conditions show that 
gas-turbine cycles can be improved in efficiency about 1.5 per cent and in 
capacity by about 40 per cent by injecting water into the air leaving the 
(jompressor and before entering the combustor. 
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PROBLEMS 

of 

to a 60-F receiver temperature referred 

ch!JestaWted St dr^stS ^Marh ' 

are equal. Determine (a) macWne effioienr^v f of isentropic processes 

Sitf S tt 

CYo" tpSre^rpTfottttt^^^^^^^ t.pe of 

to 1 in. Hg abs. The tmbine engine effit" . t® '^"P^ds 

compression efficiency is 68 per cent Detf ^ feedwater-pump 

(6) over-all station efficiency bL^on a ste “d 

(c) station heat rate. steam-generator efficiency of 88 per cent; 

S.nlfc“ “ta Kr“ ■®“‘“’'- *‘ " “‘* »* o' * .«Perp,«.ure 

in Fig. 3-6 for optimoI^Tconditifiil'’"^^ opo'o oP 2,000 psia and 800 F as 

80o“.^dt?ds„trp‘,.';*e*o‘5“ S*aZ“ '«■“*' -»Po«"~ « 

P»«nr.. Aotual oyd. Ih.md ofSteSvt Z f,"»>•« 
pump efficiency is 70 per ecnt and boiler Feedwater- 

engine efficiency of each section of the turbine if thrfirst fhe 

machine efficiency 6 per cent greater than the second ^ 

with 0.5 in.*Hgta*iktreMurr^ ‘’t® P®® ®“d 1050 P 

most effectively located ' thermal efficiency if heaters are 

Hg't: 'zrzsi zzztdr r-rr '■» '"■ 

over-aU electrical and mechamcal eLiTncy of the b,rb“ 

and the boiler efficiency is 86 per cent The tn K" n generator is 85 per cent, 

«n.. C.n,pn,a ,h. i., XXL" h "f;.” “ “ »'»»>»' 

«-iL'':r ^:rs“;s;„";c’ir -« r--«™ • 

"" "Lin.XuiXnlrT'.hf’T'Y *'“ 

a^l0,000-kw turbine having an engine effieiencTof 77 ^ ^ ^"PP"'^ 

efficiency of 99 per cent and if the eenerator effT' ■ ^ mechanical 

m The initial steam temilL^md^ofXf^ 

*. The steam e:ihausted from the topping turbil!S P^*®“>’®- 

the full capacity of the planf. boilers that must be retained to develop 

d. ^rnpare the steam outputs of the oiaginal and bifi.rfl k •\ 

:tsxs?x.t- "‘t* 

t. ,t; sisxrxiT 17 i« ”"Lrx’ .?.Xrs t 

its specific snthslpy rises by JM*Btu in^e^*^ fk*^’7* **' '''® tPetsury 

.rii. ip 
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IS 85 per cent. The combined turbine mechanical and generator efficiencies are each 
95 per cent for the mercury and steam units. The station auxiliaries require 5 per 
cent of the energy generated by the units. Find the over-all heat rate of the plant in 
£Hu per kilowatthour* 

3-11. A s-i engine has the following specifications and characteristics when oper- 
iiting at full throttle: 

Shaft output, 100 hp Air inlet, 60 F 

Six cylinders, 4 in. X 4^ in. Fuel, average gasoline 

Clearance volume, 10.2 cu in. Fuel rate, 56.2 lb per hr 

Speed, 2,800 rpm Air rate, 644.8 lb per hr 

Determine the ratio of actual to ideal (air standard, * = 1.3) thermal efficiency. 
3-12. Derive Eq. (3-17) for thermal efficiency of a dual cycle on an air-standard 
basis. 

3-13, Air at 60 F i.s used in an ideal air-standard open gas-turbine cycle with a 
pressure ratio of 6 and maximum temperature of 1400 F. I letermine (n) the effect 
on thermal efficiency if machine efficiencies of 85 per cent and a comlnistion efficiency 
of 90 per cent are anticipated; (b) the work ratio of the ideal and actual cycle. 

3-14. A gas-tm-bine unit operates with a pressure ratio of 4, machine efficiencies of 
86 per cent, and gas temperature of 1200 F. Compute (a) thermal efficiency (5) 
work ratio, ^ 

3-16. Assume that a regenerator with 70 per cent regenerator effectiveness is added 
to the unit of Prob. 3-14. Compute (n) thermal efficiency; (5) work ratio. 

3-16, A nonrepnerative gas-turbine unit operates witl> a pressure ratio of 6 and 
maclune efficiencies of 34 per cent, with a maximum temperature of 141)0 F and initial 
t.emperature of 60 F. Assume both an open cycle and a closed cycle with a low side 
pressure of 100 psia. Compare (a) thermal efficiencies; (^>) work ratios. 

3-17. Assume a regenerator with 75 per cent regenerator effectiveness added to 
each of the cycles in Prob. 3-16, Determine the effect on (a) tiiermal efficiency; (b) 
work ratio, 
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CHAPTER 4 

HEAT TRANSFER AND FLUID FRICTION 


4-1. Basic Concepts, In thermodynamics we must know how much 
energy (quantity) there is and what the temperature variation (tempera¬ 
ture pattern) is m a heat flow through a body. Ileahtransfer rates 
depend on several factors; when they are known, we can predict the 
performance of heat-exchanging equipment. In this chapter we can only 
highlight the problems and rather complicated methods of studying heat 
transfer. Often we can only roughly estimate equipment performance. 

A heat transfer transports energy between two bodies under the influ¬ 
ence of a temperature gradieni (temperature difference) between them. 
In steady-state heat transfer the temperature distribution between the 
bodies does not change with time. In an unsteady state the temperature 
gradient changes with time. Practical heat transfer in power plants 
during operation approaches steady-state conditions; this can be handled 
by one-dimensional equations, which will be emphasized in this chapter. 

4-2. Heat-transfer Factors. Conduction and radiation are basic modes 
of heat transfer. Conduction transfers heat by molecular interaction 
through bodie.s in contact. Radiation transfers heat between bodies by 
energy piopagating electromagnetic waves. Convection, often termed a 
heat-transfer method, is not a basic mode. It transfers energy by con¬ 
duction or radiation or both and a concurrent mixing type of mass flow. 
Density changes move fluids in a natural, or free, convection as tempera¬ 
tures change. Forced convection implies mechanically induced flow by a 
pump or fan. Practical equipment ordinarily uses more than one method 
of heat transfer. 

In heat transfer we must consider: (1) sources and receivers of heat 
flow;^ (2) path of heat flow. Sources may be cooling, condensing, or 
Ireezing fluids and chemical or nuclear reactions; receivers may be boiling, 
heating, or melting substances and chemical reactions. The path must 
be described in terms of area, length, thermal resistance, and temperature 
distribution or pattern. Electrical circuits offer helpful analogies in 
analyzing heat flow.s. Heat-transfer rates depend on some function of 
temperature difference and inversely on thermal resistance. 
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Fig. 4-1, (a) Temperature gradient with length for single wall; ti and tz are at wall 
surfaces, walls are homogeneous, specific heats and conductivities of material constant 
throughout. (6) Temperature gradient for series conduction; t 2 and U depend on con¬ 
ductivities and wall thickness, (c) Temperature-resistance diagram applied to 
series conduction; note straight-line characteristic and consequent path temperatures 
when resistances are known. 

4-3. Steady-state Conduction. The basic conduction equation of 
Fourier applied to a plane wall (Fig. 4-la) is 

(4-1) 


where q = heat transfer, Btu per hr 

k = thermal conductivity, Btu per sq ft-hr-°F-ft 
A = area normal to heat flow, sq ft 
dt/dl = temperature gradient, °F per ft {t decreases as I increases, 
and so minus sign gives plus value for q) 

When dt/dl is a constant negative value as in Fig. 4-la, 


q = kA-j- 

which can be written 

<1 _ t _ t 
A ~ l/k~ R 


(4-2) 

(4-3) 


where q/A— thermal flow, Btu per hr-sq ft 

R = l/k = thermal resistance, sq ft-hr-°F per Btu 
I = wall thickness, ft 
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For composite walls or thermal resistances in series as in Fig. 4-16, 

q ^ kiiti - /a) - h) _ kz{h ~ U) 

^ I 2 Iz 


ti — ti 

li/ki + l^/k^ “h Iz/kz 


t\ — Ia 
Si? 


a{ti — ^ 4 ) 


(4-4) 


where a is the coefficient of heat transfer for the composite wall. Value 
of ot may be computed from individual wall thicknesses and conductivi¬ 
ties; specific values will be found in references. Equations (4-3) and 
(4-4) may be used for curved walls with large radii. 

Figure 4-lc shows a resistance diagram for series conduction flow; note 
the straight-line character. 



4-2. Actual concentric wall effects in heat transfer; equipment cross sections well 
known in some cases, approximations (i.e., boiler scale inside tubes) in others. 

to 

4-4. Thermal Conductivities. Thermal conductivities are properties 
of materials and vary widely for different substances, high for metals 
and low for insulating substances. For any material k depends on the 
temperature (see Appendix). Similar materials may differ widely in 
conductivities. While heat does not flow through fluids by pure conduc¬ 
tion, we use their thermal conductivities to calculate convection heat- 
transfer rates. Since k varies with temperature, the true temperature 
gradient through a material is not linear, but in practice we largely use 
mean values of k based on average wall temperatures. This gives us 
the same over-all Ai, but the internal temperature pattern (Fig. 4-lc) 
is not true when based on this k. 

4-6. Conduction through Cylindrical Walls. Power equipment mostly 
uses tubes as heat-transfer surfaces. These may be considered as single 
or concentric cylinders from a heat-transfer standpoint. Figure 4-2 
shows some examples that may be treated as in Fig. 4-3. For a single- 
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Fig. 4-3. Cylindrical sections for heat transfer; the heat-flow path is of constant length 
but increasing area in direction of flow, (a) Single wall; (6) multiple walls. 


thickness tube 



dt 


— qdr 
2irLkr 


For constant k by integration 


2TrLk . 


k) 


(4-5) 


The thermal current is q/A and may be referred to either the inside or 
the outside tube area. Based on the inside area, 


_L = g = _A< 

AI 2xriL ri In (r 2 /ri) 


(4-6) 


Sometimes heat flow through cylinders is based on a flat-plate equivalent. 
For example, an area called the logarithmic mean area Am can be com¬ 
puted having the same thickness, same k, and same over-all At as the 
tube and giving the same heat flow q; based on Eq. (4-2), 


^ g(r2 — ri) 
k{ti — k) 


(4-7) 


Substituting for q from Eq. (4-5), 

. _ 2irL{r2 — Vi) 

In (n/ri) 

From this a logarithmic mean radius may be found, 

_ ^ r2 — ri 

2x1/ In (r 2 /ri) 


(4-8) 


(4-9) 
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For thick-walled cylinders use Eq. (4-7) to solve for q and Eq. (4-8) to 
find -4m. Thin-walled cylinders (vi > 0 . 7 r 2 ) can be calculated by using 
the arithmetic mean area. ^For single circular sections the thermal 
resistance is 


R = 


Ti In (r 2 /r*i) 
k 


(4-10) 


when based on inner area A i. 

For multiple walls (Fig. 4-3?)) the unit heat flow is 


JL 

A, 


h - h 


tl — ?3 


ri 


In ( 7 ' 2 /ri) In (r 3 /r 2 ) 


ki—2 


^ 2—3 


(4-11) 


where ki -2 and /C 2-3 are thermal conductivities in Btu per square foot per 
hour per degree Fahrenheit per foot for the successive wall materials. 

4-6, Combination Heat-transfer Effects. In power plants heat flows 
by conduction through refractory furnace walls, boiler and waterwall 
tubes, feedwater heater tubes, condenser tubes, etc. In all this equip¬ 
ment conduction is only part of the total effect. Figure 4-4 shows a 
frequent heat-transfer arrangement: from a source fluid, through a wall, 
to a receiver fluid. Usually the fluid heat transfer depends more on the 
fluid films clinging to the wall surfaces than the wall itself. The film 
conductivities are much lower than the metal-wall conductivity. These 
films are very thin and stationary, while, the fluids flow at considerable 
velocity, 

= hl(ts ^Wx) ~ h 2 (tw 2 ^t) (4-12) 

to 

where /ii, h 2 = film coefficients of heat transfer for convection, Btu per 
sq ft-hr-°F 

a = wall coefficient = k/l for a single material plane wall 


Also 


A 


XR 


m = ^ + - + 

hi a 


Uits - tr) 


h2 U 


(4-13) 

(4-14) 


where U is the over-all heat-transfer coefficient in Btu per square foot 
per hour per degree Fahrenheit. Film effects must be accounted for also 
on circular or curved walls of tubes. For radial-heat-flow paths as in 
Fig. 4-3a the over-all resistance based on the inner wall is 


Jl + Jl -1- (^2A i) 

hi /I2 


J. 

u 


(4-16) 
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where hi, /12 = film coefficients based on inner-wall area 

jj = over-all coefficient of heat transfer based on inner-wall 


area 

In all conduction through circular walls the inner wall has been arbi¬ 
trarily taken as the reference areaj the outer wall may also be used. In 
using a consistent area for circular walls the temperature-resistance 
diagrams (Fig. 4-45) can be applied just as with a plane wall. 



(a) /\/ofe temperature drop and 
significant resistance 
4 _ 4 . (a) Surface-film effects as fac- 
tni'H in over-all heat transfer; note that 
ov(M’-all temperature drop is from source 
lltiid U to receiver fluid U, (5) Temper- 
(ilu re-resistance diagram applies also to 
Him effects; note that — twz for thin 
metal walls may be insignificant com- 
piinid with ta — twi or tw 2 — 



Fig. 4-5. Fluid flow may be streamline or 
turbulent. With streamline flow, no heat 
transfer, a parabolic velocity profile exists. 
Heat transfer changes velocity distribution 
as in center two sketches. Turbulent flow 
means eddies and crosscurrents with rela¬ 
tively flat velocity profile, lower sketch. 


4-7. Flow Patterns in Tubes. Fluids forced through tubes may flow 
In fitreamline or turbulent fashion. The flow downstream from the 
cid;rance of circular tubes will be streamline if the Reynolds number, 
is less than about 2,100. The flow will be laminar and the velocity 
profile parabolic in shape. Fluids with N-Re greater than about 4,000 
(low turbulently and have less velocity variation across the section, a 
fairly flat velocity profile. Flow patterns for Nr^ between 2,100 and 
^,000 are a blend of the two basic types of flow. 

l*Mow of either type may take place with heat transfer (Fig. 4-5). 
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Streamline flow has no cross velocities, and heat transfers by conduction 
in the fluid. In turbulent flow the eddies with their cross velocities 

greatly aid heat transfer in addi¬ 
tion to the conduction. Radiation 
effects step up heat transfer in 
gases. Turbulent flow has higher 
heat-transfer coefficients. 

In turbulent flow boundary lay¬ 
ers of fluid separate the main stream 
and the wall (Fig. 4-6). These 
layers have high heat-flow resist¬ 
ance and create large temperature 
gradients (Fig. 4-4). Many factors 
affect the heat-transfer character¬ 
istics of these boundary films. 
Successful heat-transfer solutions 
depend on knowing the coefficients 
for these films and how they vary 
with convection conditions. 

4-8. Convection Heat-transfer 
Coefficients. These coefficients de¬ 
pend on: (1) type and rate of fluid 
motion; (2) properties of the fluid; 

(3) ^ize of the fluid-flow path; and 

(4) nature of state change, if any, 
produced by heat transfer. We 
shall consider the latter in a later 
•article. Power-plant processes 
have no functional relation by 
which the coefficient can be simply 
evaluated for all cases. We use 
dimensional analysis to set up 
groups of variables that correlate 
with film coefficients. Plotting ex¬ 
perimental data leads to equations 
that can be used for specific con¬ 
vection-flow conditions. 

Fluid properties enter into these 
equations, and usually all properties 
vary with temperature. Tempera¬ 
ture gradients in the boundary film 
vary as the flow progresses over the heat-transfer surface. Some form 
of averaging must be used to simplify calculations. The value giving 



Fig. 4-6. Flow pattern close to wall in 
turbulent flow. Heat-transfer resistance 
found mainly in laminar layer across 
which significant temperature differences 
and flow velocities occur. 
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best correlation from experimental data usually is a temperature cor¬ 
responding to the average fluid properties of the boundary film. 

Table 4-1 lists some common fluid properties and flows used in later 
applications. 


Table 4-1. Common Fluid Properties and Flows 


Variable 

Dimensions 

Units 

Mass . 

M 

lb jn 

Length L or diameter D.. 

L 

ft 

Time . 

$ 

hr 

Temperature . 

T 

°F 

Energy (heat). 

Velocity, V . 

Q 

ife 

MLId 

Btu 

ft per hr 

Viscosity . 

Ibm per hr-ft 

Density, p . 

MjU 

Ibm per cu ft 

Specific heat, Cp . . - . 

QIMT 

Btu per lbm-°F 

Conductivity, k . 

QILeT 

Btu per sq ft-hr-°F-ft 

Heat-transfer coefficient, h . 

QjUBT 

M/eL^ 

Btu per sq ft-hr-°F 

Mass current, G . 

Ibm per sq ft-hr. 

Mass-flow r^ite, w . 

M/e 

Ibm per hr 



Other specialized texts fully treat the analyses of convection heat 
transfer through dimensional analysis. From these certain dimension- 
loHH groups of variables are shown to be significant in convection studies 
('ruble 4-2). 


Table 4-2. Selected Dimensionless Groups 


Group name 

Symbol 

Formula 

Reynolds number. 

iVRe 

DVp DG 

Nusselt number. 

>Vnu 

hD 

k 

Prandtl number. . 

Nft 

Cpp 

T 

Stanton number........... 

Nst 

h h 

CpVp CpG 

Hoclet number. 

iVpe 

pVDcp 

k 

Gmshof number.. . . . 

Vor 

g08L‘p^ 

Group products. . 

3 

NstiNp,)^ 
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4-9. Selected Heat-transfer-coefficient Equations. The literature of 
heat transfer carries many experimental correlations of heat-transfer 
data for convection flow. It^ should be consulted for exact design work. 
Some typical equations are as follows. 

a. Turbulent Forced-convection Flow inside Long Circular Tubes 
{L/D > 60). N^e > 300 to 10,000 (depending on fluid). 




(4-16) 


where n = 0.3 for cooling and 0.4 for heating. 

Properties are evaluated at the mean fluid temperature. 
Another equation correlating fluid friction and heat transfer is 


. _ h _ 0.023 

^ ~ c^G\k ) {DG/fiy-^ 


(4-17) 


For gases N^r = Cpfi/k is close to unity, and Eq. (4-16) may be used as 


k 


0.0207 



(4-18) 


b. Turbulent Forced-convection Flow inside Noncircular Channels, For 
a circular annulus section use 


D = D 2 — Di in Eqs. (4-16) to (4-18) (4-19) 

where Dx and are inner and outer diameters of flow path in feet. 
For a rectangular section use 

AA 

D = ^ in Eq^. (4-16) to (4-18) (4-20) 

where A = flow-path area, sq ft 
P = wetted perimeter, ft 
For parallel flow outside the tube bank use 

4A 

D = as in Eq. (4-20) (4-21) 


c. Turbulent Forced-convection Flow inside Coiled Tubes, Increase 
values from Eqs. (4-16) to (4-18) by about 20 per cent. For air a pro¬ 
posed equation for a multiplier is 

Multiplier = 1 -h 3.5 ^ (4-22) 

Uq 

where Di — inside tube diameter 
Dc = coil diameter 
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d. Streamlined Forced-convection Flow inside Tubes (Water and Oils) 


^ = 2.53 

k 



(4-23) 


where w is the mass flow in pounds per hour. 

e. Turbulent Forced-convection Flow across Nonbaffled Tube Banks with 
Circular Tubes. Tubes in heat exchangers may be arranged staggered 
or in line (Fig. 4-7). 




Id 1 1, •1-7. 'I’libes may be arranged in either form. Staggered tubes give substantially 
IllKber iflioicnts of heat transfer. 


1, Id)!' gas flow normal to a bank of staggered nonbaffled tubes 
(/Vii„ ^ 2,000 to 40,000; 10 rows minimum) 


^ = 0.33 
k 




(4-24) 


Wliore I) ~ outside tube diameter, ft 

(j = mass current based on minimum-flow area, Ibm per sq ft-hr 
Idir loHH t.tuui 10 rows h is multiplied by factors of the order of 0.7 for 
I l.iilxt 1.0 1.0 for 10 tubes. For in-line tubes h is multiplied by about 
(l,7f». Haflled tubes reduce hhy a factor of about 0.6. 
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2. For water flow normal to a bank of staggered nonbaffled tubes 
(Nn, > 2,000) 

^JSW+O^OTOI^ (4-25) 

where t = temperature, °F 

V = maximum velocity, ft per sec 
D = tube diameter, in. 

/. Natural, or Free, Convection to Air. Free convection to air at 
ordinary temperatures and pressures can be estimated by simplified 


equations of the following forms (X — XprXGr). 


1. 

Vertical planes and cylinders 




h = 0.19 

X = 10^ to 10^2 

(4-26) 


/AAo.25 

. = 0.29(^;) 

X = 10' to 10^^' 

(4-27) 

2. 

Single horizontal cylinder: 




/i = 0.18 

X = ur to io‘2 

(4-28) 


ft - 0.27 0')“ 

X = 10=^ to 10'' 

(4-29) 

3. 

S(iuaro hiaitod plates up or c 

oolcal plates down: 



h = 0.22 

X = 2 X JOUo 3 X 10^'' 

(4-30) 


/A/\0.25 

A = 0.27 (A 

X = lOUo 2 X 10' 

(4-31) 

4. 

Square heated plates down or cooled plates up: 



/a A 0.25 

h = 0.12L-) 

Z = 3 X 10'' to 3 X 101" 

(4-32) 


- 4-10. Boiling Liquids and Condensing Vapors. We can compute heat 
transfer to liquids from tube surfaces by convection coefficients if no phase 
changes take place in either liquid or vapor. Boiling needs high heat- 
transfer rates, and additional factors come into play that affect them. 
Figure 4-8 shows two types of boiling for steam at atmospheric pressure. 

In nucleate boiling bubbles form on the peaks of the natural surface 
roughness. Heat flows from the surface through the slightly superheated 
liquid and into the tiny steam bubbles. The bubbles grow as the heat 
accumulates. With increasing buoyancy the bubbles leave the heating 
surface to rise through the liquid and break into the vapor space above. 
Most equipment uses this type of boiling. 

Raising the heat transfer (and temperature) too high starts film boiling. 
The liquid film evaporates to form a vapor film that reduces heat flow, 
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raises metal temperatures to dangerous levels, and causes bumping” 
ill evaporators. The over-all coefficient may be affected more by the 
(ilm resistance on the other side of the heat-transfer surface or by the 



D'liipenatures form imdesirabie steam film. 



Cl@335 F+ 

of heat-transfer surface; too high metal 



hill. I-P. I )i'opwisc condensation may be made to take place for a nliort (ime itntln’r 
I'liiil lolled conditions of polished surfaces or thin oil coalings; the (ilniwise iype In tlii' 
nionr coiiiinon. 


ill'll le r(isistance on the tubes. Boiling coefficituits di'peiid on miiiiy 
(nid oi'M and may bo of the order of 2000 to 10,000 Mtu |)oi' Hi] i'l-lir- ''I*'. 

I' lgiiri' I-!) shows that (jondensation in condonsiM's and hoaioi'H may Ite 
diii|i\\is(‘ or him wise, (.oofficicaits for dropwisci (iondmiHiition may bo 
abniil (irt(M*n times fiigh(‘r than for hlmwis(^, but in most cn-Hos the I'on* 
(li'iKHMig surfa,c(‘ (dT<‘(d- is only a minor |)ari of tlu? ov(M-nII heal -traiiHlor 
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effect. Film coefficients of the receiving fluid, scale, or fouling may be 
the controlling factor. 

Filmwise-condensation coefficients vary from 1500 to 3000 Btu per 
sq ft-hr-°F, and 2000 is often used in calculations. Air and other non¬ 
condensable gases reduce the coefficient, and so they should be removed 
by venting. 

Nusselt's expression for the filmwise-condensation coefficient on clean 
horizontal tubes is 

'■ - '“.7 (« 3 ) 

where hfg = enthalpy of vaporization, Btu per lb 

At = temperature difference between tube surface and vapor, °F 
D = tube diameter, ft 

k = thermal conductivity of liquid, Btu per hr-sq ft-°F-ft 
/X = liquid viscosity, lb per ft-hr 
p = liquid density, lb per cu ft 

Modify this equation for vertical tubes by using tube length for D and 
increasing the h values by a factor of 1.3. The equation usually needs 
a trial solution. Usually a tube placed horizontally gives better heat- 
transfer coefficients for the condensing surface. 

4-11. Radiant Heat Transfer. Radiant heat transfers energy through 
space without the aid of intervening media. This forms only one part 
of the radiant-energy spectrum that incliides: cosmic rays, gamma rays, 
X rays, ultraviolet rays, light rays, infrared heat rays, and radio waves. 
Thermal radiation includes the infrared and the light with wavelengths 
of about 10“^ to 10“^ cm. Heat radiation underlies the operation of 
important power-plant equipment arfd depends on the temperature of 
the body emitting the energy. 

Radiant energy travels in straight lines, may be reflected, refracted, 
or polarized, and follows the inverse-square law of intensity. A body 
may absorb, transmit, or reflect incident radiant energy. The net heat 
radiated between two bodies that “see” each other completely equals 
the difference of the emissions between each of them. Solids, liquids, 
and gases may radiate energy. 

Water vapor and carbon dioxide are the principal sources of gaseous 
radiation in boiler furnaces. Consult specialized texts for a complete 
discussion of this topic. 

A black body absorbs all the incident radiation striking it. This 
technical term does not necessarily refer to body color, though black 
materials usually absorb most incident energy. A perfect absorber is 
also a perfect radiator. The radiation spectrum from bodies includes' 
an energy distribution that varies in intensity for the different wave-^ 
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lengths. The distribution varies with temperature of the emitter. At 
higher temperatures a greater share of the energy appears in the lower 
wavelengths. The Stefan-Boltzmann law evaluates the energy radiated 
by a black body, 

q = a AT^ (4-34) 


where g = radiant energy, Btu per hr 
A = radiation area, sq ft 
T = radiation-surface temperature, °R 
0 - = 0.173 X 10“® Btu per hr-sq ft-^R"^ 


Hence 


, - 0.1734 (xy 


(4-35) 


Actual materials are not perfect radiators or absorbers; to compare them 
with black bodies, we use the emissivity ratio, 

_ total emission power of actual body 

total emission power of black body 


with both bodies at the same temperature. Table 4-3 lists some typical 
values for some relevant materials. Emissivities of actual materials 
vary with temperature and wave length. A gray body has an emissivity 
less than 1 and has constant intensity at all wavelengths and tempera¬ 
tures—this is a reasonable assumption for many bodies. 

As mentioned before, radiant energy incident on a body may be 
absorbed, reflected, or transmitted, 

a + p + r = 1 (4-36) 


where a = absorptivity — fraction of incident radiation absorbed 
p = reflectivity = fraction reflected 
T = transmissivity = fraction transmitted 
Usually p is zero for gases, and r is negligible for solids and liquids. 

Kirchhoff^s law states that the emissivity and absorptivity of a sub¬ 
stance are equal for radiation with equal temperatures and wavelengths. 

4-12. Radiation-heat-transfer Calculations, Equation (4-34) when 
applied to the net interchange between two actual bodies is 


q = 0A7SAFeFa 




lOOy/ 


(4-37) 


where Fe = emissivity factor allowing for difference from black-body 
radiation for two bodies involved 
Fa = factor accounting for effect of geometry of position of two 
bodies 

W(^ determine Fa mathematically and try to get the geometrical setup 
lUMirest to actual radiating conditions. Hottel gives values for this factor 
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Table 4-3. Emissivity of Surfaces 


i 

Surface 

Temperature, 

op 

Emissivity 
ratio, 6 

Aluminum: 



Highly polished. 

440-1070 

0.039-0.057 

Polished. . 

73 

0.040 

Rough plate. . 

78 

0.055 

Brass: 



Highly polished. 

494-710 

0.033-0.037 

Dull. 

120-660 

0.22 

Oxidized... . . - 

390-1110 

0.61-0.59 

Copper; 



Commercial polish.. . 

66 

0.030 

High polish.*.. 

176 

0.018 

Cast iron: 



Polished. 

392 

0.21 

Rusted. 

67 

0.69 

Rough and oxidized... 

100-480 

0.95 

Steel: 



Polished. 

212 

0.066 

Oxidized and rough. 

100-700 

0.94-0.97 

Molten. 

2730-3000 

0.42-0.53 

Monel metal, oxidized at 1110 F. 

390-1110 

0.41-0.46 

Asbestos. 

100-700 

0.93-0.95 

Brick: 


Red and rough.*. . . 

70 

0.93 

Building. 

1832 

0.45 

Magnesite refractory... 

1832 

0.38 

Plaster: 



Rough lime. 

50-190 

0.91 

Aluminum paint: 



Aluminum with varnish binder on rough plate.... 

70 

0.39 

Other aluminum paints (variable). 

212 

0.27-0.67 


for a variety of geometrical shapes of the surfaces involved in radiant- 
heat transfer. 

Power-plant applications can in some cases be approximated by the fol¬ 
lowing spatial relations for radiation between bodies 1 and 2. Data for 
Eq, (4-37) are shown. 

Bodies 1 and 2 are infinite parallel planes: 

A = A, = A2 1 ]. - - (4-38) 

1/ei + 1/62 — 1 

Body 1 is small and completely enclosed by large body 2: 


€. = ei 


A = Ai 


Fa = I F. 


(4-39) 
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Body 1 ^*5 large compared with completely enclosing body 2: 

lA. + i/„ - -i 


Body 1 is a sphere or infinite cylinder enclosed by similarly shaped body 2: 


A = Ai Fa ^ I 


1/^1 H “ { Ai / A > 2){\/^2 — 1 ) 


(4-41) 


For cases other than these, references must be consulted. 

When heat leaves a surface both by radiation and convection, a com¬ 
bined coefficient is sometimes used. 


h = hr + K (4-42) 

where h = combined effect, Btu per sq ft-hr-°F 
hr = radiation effect, Btu per sq ft-hr-°F 
he = convection effect, Btu per sq ft-hr-°F 
Values for he can be obtained from convection-film equations (4-16) to 
(4-32). By solving Eq. (4-37) for q/A 


and 


hr 

Rr 


u 

Ail\ - T 2 ) 

J. 

K 


(4-43) 


where Rr is the thermal resistance for radiation. 

4-13. Heat Exchangers. In power-plant heat exchangers heat from 
one fluid transfers to another. In giving up heat one fluid may cool 
or condense from vapor to liquid; in absorbing heat the other fluid may 
warm or evaporate from liquid vapor. Tubular or flat metal walls usually 
wiparate the fluids. Specifle examples in power plants include steam 
generators, condensers, feedwater heaters, oil coolers, evaporators, hydro¬ 
gen coolers, air heaters, superheaters, and economizers. 

Heat-transfer calculations take account of the thermal resistance of 
fluid and films on each side of the wall and of the wall interior. When 
both fluids are gases, the wall resistance may be neglected. The over-all 
resistance depends on the flow pattern, fluids, and the presence of scale 
and fouling (Fig. 4-10). Equations (4-13) and (4-14) are transposed to 


q = TJA{ts — tr) 

[/ = = _ I _ 

2/2 1/^1 4“ 1 /oL -|- 1/^2 


(4-13) 

(4-14) 


111 this equation A is arbitrary but all resistance must be based on the 
Hill no area, either inner or outer; normally we use outside tube-surface 
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areas. 


energy processing 
In using outer areas for a circular tube 

4 


_ j^2 , r2 In ir^/ri) _j_ 


In using the inner area of circular tubes 

1 , ri In {ri/ri) , 

^ ~ ^ k ^2 -^2 


(4-44) 


(4-45) 


u ■ +a 1 nnrl 2 refer to inner and outer annulus conditions, 
where subscripts 1 and 2 reier ro i u^nt-flow nath. The fluid 

In Eq. (4-13) F is assumed constant over the he P 


Heat-transferred (0) and surface (A) are constant 



markedly affect temperature drops and temperature oi w a 
of scale or other deposits. 


“2:: JtTFF.- 
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Table 4-4. Power-equipment Film Coefficients® 


Heai-transfer process 

h, Btu per sqfirhr-°F 

Condensing vapor: 

Steam. 

. 1000-2000 

Ammonia. 

. 500-800 

Light oils (volatile fuels)... 

. 200-300 

Heavy oils. 

. 20-50 

Evaporating liquids: 

Water. 

. 800-2000 

Ammonia. 

. 400-500 

Light oil. 

. 150-300 

Heavy oil. 

. 10-50 

Heating or cooling; 

Water. 

. 300-1500 

Gases. 

. 5-250 

Oils. 

. 10-120 


® Courtesy of Foster Wheeler Corporation. 


difference (LMTD) computed as 

(f. - <r)„ean = LMTD 


^^max ^^min 

In (ACax/A^iJ 


(4-46) 


The LMTD applies to the four arrangements of Fig. 4-11. For ex¬ 
changers having two constant temperatures as during boiling and con¬ 
densing the mean temperature difference is their arithmetic difference. 
The two basic flow arrangements compare as follows: 

Parallel flow: 

1. Final temperatures of both fluids approach the same limit. 

2. Effective for temperature control of wall material. 

3. Transfers less heat than counterflow for same area and conditions. 

Counterflow: 

1. Permits greatest possible temperature change in each fluid. 

2. Transfers more heat than parallel flow for same area and conditions. 

3. Temperature of cooler fluid more nearly approaches the initial 
temperature of the hotter fluid. 

4-14. Shell-and-tube Heat Exchangers. In this type of exchanger 
one fluid flows through parallel tubes arranged in a bundle between tube 
Hheets and the other fluid over the tube exteriors but confined in a shell 
liolding the bundle (Fig. 4-12). These designs use neither pure counter- 
llow nor parallel flow but incorporate a counterflow arrangement in 
which the shell fluid passes over the tubes at right angles to their axes. 
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The average temperature difference may be computed by 

{ts — fr)mean = F AtLMTD (4-47) 

where F is the correction factor for the given shell-and-tube arrangement. 
Figure 4-13 shows factors for two types of exchangers. The Standards 




Pia. 4-11. Possible temperature patterns in heat exehangers. In upper graphs both 
hot- and cold-fluid temperatures eliange in passing through heater. In lower lett not 
fluid may be a condensing vapor; in lower right cold fluid may be a boiling saturated 
liquid. Splitting up fluid streams into several paths (top sketch) increases heat- 
transfer surface between them for given volume of exchanger. 

of the Tubular Exchanger Manufacturers Association (TEMA) contains 
graphs for many heater layouts. 

4-16. Extended Heater Surface. Welding fins to tubes and plates 
substantially raises the total heat transferred across surfaces. They 
prove especially useful in transmitting heat from gases into a heat- 
exchange surface. This offsets the high film resistance by providing 
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more surface in a given volume. Fins vary in width, cross section, and 
material; they may be integrally cast with, or attached to, the main 
surface by crimping or other methods. 

4-16. Furnace Heat Transfer. In conventional power plants the 
combustion process releases the thermal power in a furnace. The com¬ 
plexity of the mass and heat-transfer effects makes practical furnace 





Fig. 4-12, Paths of fluids through shell and tube exchangers can be varied in many 
ways depending on the job to be done, (a) Single-pass tube and single-pass shell; 
(b) two-pass tube and single-pass shell; (c) two-pass tube and two-pass shell; (d) four- 
pass tube and two-pass shell. This last arrangement can be duplicated by putting 
two heaters like (6) in series for both tube-fluid and shell-fluid flows. 

design highly empirical. This has produced highly efficient furnaces, 
but further improvements depend on a more basic knowledge of combus¬ 
tion and heat transfer in flames and fuels. 

A modern furnace (1) burns fuel effectively, (2) transfers heat to water 
and steam primarily by radiation, and (3) allows water and steam to circu¬ 
late. Fuel and air enter a furnace at ambient temperatures. Furnace 
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action involves energy release by chemical reaction, heat transfer by 
radiation, conduction, and convection, and formation of combustion 
products. Only part of the cfiemically released energy transfers to the 
water and steam, and so the gases leave the furnace with a temperature of 
about 2000 F. They give up heat successively to heat-transfer surfaces 
of the superheater, economizer, and air preheater to enter the stack at 
about 250 to 600 F. 



P=temptroture efficiency 

Fig. 4-13. When heater flow paths differ from true counterflow, a correction factor 
must be applied to the logarithmic mean temperature difference. 


The over-all process can be summarized by a first-law equation, 

Ec + Hr+A = Qt + Hp (4-48) 

where Ec = chemical energy of fuel 

Hf+a = enthalpy of mixture (fuel + air) 

Qt = heat transfer 
Hp = enthalpy of products 

Fuel heating values measure the energy released by the chemical reac¬ 
tions in the combustion process. Heating values depend on the fuel 
type? combustion process (constant-volume or constant-pressure), process 
temperatures, and the condensation of water vapor in the combustion 
gases. Higher values assume that all the water vapor condenses to release 
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its heat of vaporization; lower values assume that the water vapor retains 
its state. Actual heat yields usually lie between these values. 

Many studies have related furnace heat transfer to the radiant surface 
area, fuel combustion rate, and air-fuel ratio. These studies develop 
values for 


rjF 


Qt 

Qr 


(4-49) 


where tjf = furnace absorption efficiency 

Qt = heat transferred per lb fuel, Btu 

Qr = available heat per lb fuel, Btu, evaluated as Ec + Hf+a 
One of the first relations proposed by Hudson was later in its improved 
version known as the Hudson-Orrok equation. One form is 


rjF = 


1 

1 + C{WyJQR){QR/Ay^ 


(4-50) 


where C = constant depending on furnace contours, fuel, and walls 
Wfg = flue-gas flow, lb per hr 
Qr = heat released in furnace, 1000 Btu per hr 
A = projected area of radiant heating surface, sq ft 
Other correlations have been made by Wohlenberg, Hurvick, Broido, and 
Konokov. These recognize the many variables of furnace heat transfer: 

1. Fraction cold 

2. Heat-release rate 

3. Fuel—type, firing method, fineness of suspended particulate matter, 
heating value, flame shape and length, temperature, emissivity 

4. Air-fuel ratio 

5. Inlet-air temperature 

6. Furnace-wall type 

7. Furnace-wall condition—slag and ash characteristics 

8. Geometry of furnace 

Fraction cold depends on the water cooling in the furnace walls and 
measured as the ratio of water cooled to refractory surface; it may be 
(evaluated by other ratios. 

4-17. Friction Losses in Pipes and Ducts. As a gas or liquid flows 
iJirough a pipe or duct, friction forces resist the flow and cause a pressure 
loss. The friction forces act at the wall and in the fluid interior. We 
must know these losses to design pumps and fans for power plants. For 
incompressible (liquid) flow the friction losses are 
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where hf = head loss, ft of fluid flowing, caused by friction 
L = length of duct or {upe, ft 

V = mean flow velocity, ft per sec , • i \ 

Rh = hydraulic radius = (cross-section area)/(wetted perimeter) 
j = dimensionless friction factor 
In all cases 

^Vf = hfp 

where Pf = pressure loss, psf 

p = fluid weight density, lb per cu ft 

For circular pipes 

4^; _ ^ (4-53) 

47rl» 

where D is the pipe diameter in feet. For laminar flow 
is a function of the Reynolds number alone. For turbulent ^he fri - 
tion factor depends on both Reynolds number and the geometry of tne 
conduit surface. A parameter known as the relative roughness (e/d) 
evaluates the geometry. Here e indicates the surface roughness m p^e 
of diameter D. Figures 4-14 and 4-15 correlate the friction factor w 
the Reynolds number and surface roughness for new straight pipes. 1 
other tLn circular-cross-section pipe use the hydraulic diameter in place 
of D to obtain Nk, and pressure drops, 

where Dh ~ hydraulic diameterj ft 
A = cross-section area, sq ft 

P = wetted perimeter, ft i j i 

Figure 4-1 fi helps calculate pressure losses in elbows, bends, and valves. 
These are given in terms of equivalent lengths of straight pipe run. e 
equations above give only friction-head losses in horizontal P>Pe- Cor¬ 
rections account for inclined or vertical pipe runs that change the poten¬ 
tial head. Change in velocity head must be allowed for 

The effects of flow on the surface finish of pipes and ducts cannot le 
accurately predicted. Scale, corrosion, or other deposits may radicallj 
alter the relative roughness. New designs usually have safety rg'n_ 
extra capacity. Existing systems can be measured directly to find pres- 

SU.!*© loss j 

The above equations are often applied for compressible flow (gases and 

vapors), when pressure drops and fluid temperatures do not cause large 
density changes. Limits lie in density changes of less than 7 per cent or 
pressure drops of less than 10 per cent of initial pressure with constant 
fluid temperature. Another method divides the pipe into sections and 
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4-14. The type of pipe and its diameter are used in this chart to obtain a ''relative 
roughness" e/D. (Courtesy of L. F. Moody^ Friction Factor for Pipe FloWj Trans¬ 
actions of the ASMEj 1944.) 
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Reynolds number, //Re 

Fig. 4-15. The Reynolds number of flow and the -If 

factor f. Note that « is the measure of absolute roughness of conduit, (t row, Aumr. rapor 
Pipe and FiUingSj by R. J S, Pigott.) 
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’3000 

-2000 

-1000 


rSOO 

-300 

“200 


rlOO 


■50 S 

M- 

30 ^ 


20 

.c 



O' 

LU 


-1 

7 0.5 
-0.3 
- 0.2 

- 0.1 


Use smaller, diameter d 
on scale for controction 
or enlargement 



AZ — 
36 


50---30 

24—- 

22- 

20-20 

18- 

16— 

14- 




^16* This chart shows the equivalent resistances of various fittings and forms in 
pipes and ducts, expressed as equivalent feet of straight-run pipe or ducts. (Courtesy 
of Crane Company.) 
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figures pressure drop for each section. Compressibility must be con¬ 
sidered in gases and vapor when they flow in long pipes. 

PROBLEMS 

4-1 Compare the steady-state heat-conduction characteristics of (o) magnesite 
refractory brick; (b) >^Cr-0.5Mo steel; (c) 85 per cent magnesia insulation. Calcu¬ 
late the heat loss (1) across each material, in Btu per square foot per hour, for parallel 
flow (2) across a series flow (refractory-magnesia-steel). Outside-wall temperatures 
are 1000 and 60 F, respectively for each case, and a 3-in. thickness is used for each 
4-2 A flat wall consists of 12 in. thickness of a M i>cr cent alumina refractory brick 
and 8 in. of 85 per cent magnesia. Hot- and cold-face temperatures are 18,0 and 
200 F. (a) Plot a temperature-resistance diagram, (h) Plot a curve of interface 
temperatures as the magnesia thickness is varied from 8 to 0 m. 

4-3. A furnace wall consists of a 12-m. lining of magnesite refractory brick and a 
5-in. thickness of 85 per cent magnesia with a steel casing 0.10 in. thick. Inside- 
furnace gas temperature is 2200 F, and the surroundings are at 80 F. Gas-side Mm 
coefficient is h, = 15 Btu per sq ft-hr-°F and air-side h, = 4.0. Determine: (a) the 
thermal current q/A; (b) interface temperatures; (c) effect on thermal current and 
inside refractory-wall temperature if the magnesia msuiation were doubled. 

4 - 4 . A furnace wall consists of 12 in. lining of chrome refractory brick and 6 m. of 
2900 F insulating firebrick. Surface temperatures are 2800 and 250 F. Assuming 
no change in surface temperatures, what effect will the addition of 4 in. of diatoma- 
oeous insulation have on (a) thermal current; (b) interface temperatures^ 

4-B. A steel tube (1.0Cr-0.5Mo) with 1.315 in. OD and 1.049 m ID transmits 
38,000 Btu per hr-sq ft of outside wall to the surroundings. Calculate the outside-wall 

temperature if the inner wall is at 212 F. ta i. « It... 

4-6 A 5-in pipeline (nominal) carries saturatfed steam at 400 F. It has a covering 
of 3 in of 85 per cent magnesia and 2 in. of cork. Flow conditions give film coeffi¬ 
cients h, = 2500 Btu per hr-sq ft-°F and = 2.0 with an outside-air temperature 
of 70 F. Draw the temperature-resistance diagram, and from it determine the inter 

faceJeinpera^tureSp_peiine carries’saturated steam at 200 psig and is covered 

with 2 in. of a diatomaceous-type pipe covering. Calculate; (a) heat loss per 100 f 
of pipe and hi if the lagging surface temperature is 110 F (assume inside film an pipe 
meUl resistance negligible); (b) outside film coefficient hi for a room temperature of 
65 F- (c) annual steam cost saving per 100 ft of pipe due to using insulation (assume 
that steam costs C ddllars per 1,000 lb and that hi for bare pipe = 6.0 Btu per hr-sq 

4-8 An 8-in steel pipeline (nominal) carries steam at 450 F. An 85 per cent 
magnesia pipe covering is to be applied of such a thickness so as to limit the surface 
temperature to 120 F with room temperature 60 F. Assume inside and outside 
coefficients 3000 and 2.0 Btu per hr-sq ft-°F and k (for steel) - 24 Btu per hr-sq 
Calculate the magnesia thickness in inches. „ . a 

4-9. A boiler tube for steam at 1,200 psia is 3^ m. OD and 2.71 m. . 
an internal film coefficient of 2000 Btu per hr-sq ft-°F and a thermal flow of 50,000 
Btu per hr-sq ft based on outside area. Calculate: (a) outside tube temperature 
(h) allowable boiler scale thickness if the metal is not to exceed 900 F. ssume a 
k (for steel) = 25 Btu per hr-sq ft-°F-ft and (for scale) = 0.3. 

4-10. An oil cooler is made of n.7,5-in. copper tubes of No. 18 Bwg. Cooling water 
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inside tubes is 60 F and oil temperature 220 F. Water-side convection film coeffi¬ 
cient hi = 193 Btu per hr-sq ft-°F, oil side = 75. Compare the heat flow in Btu 
per hour per square foot of the tubes (a) clean; (6) water side scaled with 0.02-in. 
hard scale {k = 0.35 Btu per hr-sq ft-°F-ft). 

4-11. A m-in. iron pipe carries water at 250 F in a high-temperature water sys¬ 
tem and discharges through an enlarging coupling to a 6-in. line. What flow pattern 
exists for a flow of (n) 5,500 lb per hr-sq ft of smaller pipe and (6) 25,000 lb per hr- 
sq ft of smaller pipe? 

^“^2. Prove that the Grashof, Stanton, and Prandtl numbers are dimensionless. 

4-13. Calculate the film coefficient of heat transfer for heating water flowing 
through a straight tube. Average film temperature is 70 F, velocity is 1.6 ft per sec 
and tube is 1.0 in. OD, No. 16 Bwg, and is 25 ft long. 

4-14. A condenser tube is 15 ft long with a OD and a No. 16 Bwg wall thick¬ 
ness. Water temperature averages 65 F and flows at 12 ft per sec. Calculate the 
heat-transfer film coefficient. 

4-16. Air flowing normal to a deep staggered bank of tubes is at atmospheric pres¬ 
sure and IS being heated from 60 to 500 F. Maximum flow velocities of 15 ft per sec 
occur. Determine the film coefficient of heat transfer if SJ^-in.-OD tubes are used. 

4-16. A plate type of air heater is 25 by 5 ft in cross section and handles flue gas at 
an average temperature of 440 F. Plates are parallel to the 5-ft side and spaced 1 in. 
apart. Flue-gas velocity is 10 ft per sec with a density of 0.05 lb per cu ft. Approxi¬ 
mately what film coefficient may be expected? 

Compare the convection heat-transfer coefficient for air and for steam 
flowing inside 6-in. (nominal) pipes both at an average temperature of 440 F and 
25 psia with a velocity of 3 ft per sec. 

4-18. Steam at 1 in. Hg abs is condensing on condenser tubes of in. OD and No. 
14 Bwg thickness. What is the temperature drop across the condensing film if 
h = 1600 Btu per sq ft-hr-°F and the water averages 60 F temperature? 

4-19. Steam in a heater is condensing on steel tubes 25 ft long with m in. OD and 
0.12 in. wall thickness. Water temperature averages 320 F, and a mass current of 
1,200,000 psf per hr occurs with a Reynolds number of 109,000. (a) Determine the 

various heat-transfer resistances referred to the inner tube wall, (b) Discuss the 
controlling resistance. 

4-20. An uninsulated 4-m. (nominal) rough steel pipe is run through a square tun¬ 
nel of red brick 8 in. on a side. Saturated steam is in the pipe, and a surface tem¬ 
perature of 320 F IS expected with the brick temperature at 70 F. Calculate the 
radiant heat loss per 100 ft of pipe. 

4-21. A 3-in. (nominal) pipe is covered with 1 in. of asbestos and runs through a 
large room with concrete-block walls at a temperature of 90 F. Plot the relation 
between radiant heat loss from the pipe for surface temperatures ranging from 200 
t'O 600 F. 

4-22. A 5-m. (nominal) steel pipe carrying saturated steam at 200 psia is covered 
with asbestos and aluminum paint with an emissivity value of 0.55. Surface tem¬ 
perature IS 150 F, and the pipe runs vertically through a room 30 ft high with 70 F 
mom temperature. Determine; (a) the radiant heat loss; (6) the convection heat 
lo.ss; (c) the combined radiation-convection film coefficient. 

4-23. An outside wall of a steam generator 15 by 30 ft is located near the building 
wall. The room wall is at 85 F and the steam-generator wall at 110 F. Emissivities 
are 0.85 and 0.80, respectively, (a) Compute the radiant heat loss, (b) If the loss 
iH to be reduced 50 per cent by treatment of the building wall, what emissivity must 
I lio surfacing produce? 
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4.a4. A horiKontfil, bright-tinned, thin iron duct carries hot air with 160 F duct 
tnmncrature through a room at 80 F. An asbestos covering of 1 in. is proposed to 
reduTe lieat Iohb. Emissivities of the order of 0.06 and 0.94 are expected for e 
tinned duct and asbestos, (a) Is the proposal economically advantageous, (b) 

Wliat effect would result from painting the duct? . u ri. - 

4-2B. Assume a %-in.-OD No. 18 Bwg Muntz-metal condenser tube {k - 71h 
Calculate the thermal resistance based on outside area (a) assuming the tube a thick 
walrS assuming the tube a plane wall; (c) assuming the plane wall corrected for 

curvature bv logarithmic mean diameter. , i , j 

4-26 A blowdown heat exchanger from a boiler at 1,200 psia cools blowdown water 
to 600 F Feedwater entering at 420 F and leaving at 500 F is used for heat recovery. 
Assul a counterflow exchanger, and calculate (o) LMTD; (b) arithmetic mean 

tempOTatured^ifcre^ed^ater heater has the following design characteristics; 

Feedwater, 350,000 lb per hr_^ 78 F in, 144 F out 

Exhaust steam, h = 1120 Btu per lb, p = 5.5 psia f a j • 

Construction, two-pass 1,920-sq ft ^-in.-OD No. 18 Bwg tubes of Admi- 

ralty metal 

Calculate: (a) extraction steam rate; (b) LMTD; (c) over-all 77 based on outside tube 

area with a water side h = 1700 Btu per hr-sq ft- F p a+ a 60 000 lb 

4-28. A heat exchanger is designed to heat water from 120 to 320 F at a 60,000 
per hr rate. Hot gases cooling from 900 to 550 F are used as the heat source. An 
Tertll cLfficient 7/ = 15 Btu per hr-sq ft-“F is expected. Compare the areas 

needed for (a) counterfiow; (h) parallel flow. . x. 4 . a 

4-29. A four-pass closed feedwater heater handles 298 240 lb per hr of 
from 312 to 375 F, using saturated steam at 370 psi and neg igi e su coo i 
con“enaato. Calculate the over-all heat-transfer coefficient rf the tube area xs 3,100 

""“i-SO. An oil cooler uses inlet water at 120 and 150 F outlet to cool 15,000 lb per hr 
of oil from 185 to 165 F. A two-pass design with oil in the shell is used, an “ " 

all U = 70 Btu per hr-sq ft-°F is expected. ^ Calculate; (a) gallons per minu 
itig water; (b) heat-transfer area required. 

4-31, Data from a condenser design are as follows: 

Tubes, Admiralty metal, 25 ft long, single-pass design, M-in.-OD, No. 18 
Bwg 

Cooling water, 60 F inlet, V = 9.5 ft per sec _ 

Heat-transfer data, h (condensing steam) - 1600, h (cooling wa 
1820 Btu per hr-sq ft-°F 

Estimate the condenser pressure obtainable for a 10-F 

4-32. A tubular regenerator for a gas-turbinc ^lt hea s 420 lb per sec ^ 

580 to 750 F. Turbine exhaust gas enters at 910 F and leaves at 1 20 F. ^ 

air side) = 12, A (gas side) = 10.5 Btu per hr- sq ft-"F. 

area (4-in.-nominal tubes); (b) maximum metal temperature of the tube metal for 
counterflow design. 

4-33. Data for a two-pass surface condenser are as follows: 

Cooling water, 1,200,000 lb per hr, 70 F entering, 82 F leaving, V = 6.0 ft 
per sec 
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JOxIiauHi Htcain, p — 1.6 in. Hg pressure 

lioat-triuiHft'i' data, h (condensing steam) = 2100 Btu per hr-sq ft-°F, 
MuiitK-inotal tiihuH, Jl^-in.-OD, No. 16 Bwg 


('alculato the loiiKth of tho tiilum. 

4 - 84 . An air lu^ator (d tlm tiihniar typo ih doHignod with steel tubes of 3-in. (nominal) 
(liainotnr with Iluo gan iiiNidn iho tuboH. Kilt»i coeflicients for the gas and air side are 
6.0 and 0.8 IHu per hr-Nq ft-"F, roHpoctivoly. (his enters at 650 F and leaves at 
306 F, wliilo air on tors at 00 F and leaves at 476 F. Coiintcrflow conditions are 
approached in tlie design. Cl^OTnpiite the oiitshh^ tul)e area required per pound of air 
h(MLt(ui. 


4 - 36 . A single-paaa condenser 20 ft long is designed witli ^'j-in.-OD No. 18 Bwg 
,'\fijniralty-rnetal tiihea, Exlmiist steam is at 1,0 in. Hr, water velocity 7.0 ft per sec in 
I lie tubes, inlet water 50 F, and a steam-side coemekrnt of 17(M) IHu per hr-H(| ft-“F is 
est|Maited. Calculate the number of tubes required for a ternvinal temperature difler- 
ence of 10 F between entering steam and leaving cooling water with an exhaust flow 
of 160,000 lb per hr of steam at a quality of 90 per cent. 

4 - 86 . An economizer is designed to h^at 300,000 lb per hr of feedwater from 425 


to 060 V. The general design uses in-line horizontal tubes and a vertical gas flow 
witli tubes 18 ft long, 30 tubes wide, 1.9 in. OD, 0.40 in. thick and a mass current of 
2,860 11) per sq ft-hr across each tube section. Based on counterflow-heat-transfer 
cnlcuhitions and any needed assumptions, determine the number of tubes high and 
the tube spacing for the unit. 

4-37. A straight run of steam line is 200 ft long with a 3-in. (nominal) steel line. 
Steam at entrance is at 250 psia and dry. Estimate the pressure loss in pounds per 
Hquare inch at a flow velocity of 5,000 ft per min. 

4-38. A single-pass heat exchanger has 200 tubes of 1.25-in. No. 16 Bwg drawn 
tuix's 15 ft long. Water enters at 200 T and is heated to 350 F at a flow velocity of 
■ t It per sec. Compute the pressure loss in pounds per square inch. 

4-39. A steel breeching 2 by 6 ft in cfOaSs section carries flue gas at a velocity of 
20 ft per sec and an average density of 0.05 lb per cu ft and average temperature of 
I'M) F. Estimate the pressure drop per JO ft of straight-run breeching in inches of 


water. 


4-40. Water at 60 F flows through a line 100 ft over-all of 2-in. (nominal) diameter 
sOnil pipe with a velocity of 10 ft per sec. The line has a globe valve full open, a gate 
v/(,fve half closed, and four medium sweep elbows in series. Estimate the pressure 
di<q> in pounds per square inch. 
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CHAPTER 5 


FUEL-BED FIRING 


6-1. Practical Combustion. Fuels burn m a confined space called 
a furnace. Rate of supply of both fuel and air to the furnace must be 
controlled to release efficiently the heat developed by combustion (see 
Chap. 2). The furnace must direct the energy released by the fire to the 
heat-transfer surfaces of the steam generator: waterwalls, convection 
tubes, superheater, reheater, economizer, and air preheater. 

An efficient furnace receives the air and fuel prepared for burning and 
ignites them, and the fire completely consumes all the combustible ele¬ 
ments in the fuel. The walls of the furnace must be able to withstand the 
high temperatures of the fire. Walls may be made of refractory materials 
or water-filled steel tubes or a combination of both. High-temperature 
gases from the fire leave the furnace to enter the gas passes of the boiler. 

The method of feeding fuel and air to a furnace depends on the physical 
form of the fuel. Solid fuels such as coal, coke, wood, and refuse need a 
grate at the furnace bottom to hold a bed of fuel. Some form of stoker 
mechanism places the fuel on the grate automatically. Air enters under 
the bottom of the grate and passes through holes in it and the fuel bed. 
The air reacts with the hot fuel bed as it passes through and releases the 
stored chemical energy by combustion. 

Pulverized fuels enter a furnace through openings called burners. These 
burners receive the powdered fuel carried by a rapidly moving stream of 
primary air. Additional secondary air joins the fuel flow in the burner, 
and the mixture jets into the furnace. The flame in the furnace ignites 
the fuel, and it burns in suspension. 

In using oil as a fuel the burner breaks up or atomizes the oil into minute 
droplets and mixes it with air. The mixture blows into the furnace, 
ignites, and burns. A burner handles a gas fuel in much the same manner, 
except that gas needs no atomization. The term burner is a misnomer: 
these devices act as mixers, and burning takes place in the furnace. 

6-2. Combustion Conditions. Four conditions must be established to 
burn fuels properly: (1) high flame temperature, (2) turbulent mixing of 
air and fuel, (3) the correct ratio of fuel and air, and (4) enough time to 
complete the burning process. 


117 







STEAM POWER PLANTS 


118 

1. Furnace flame temperature must be high enough to ignite the incom¬ 
ing raw fuel and air. Ignition raises the temperature of both fuel and air 
to the level where they quiclfly react with each other to produce heat. 
The process needs a finite time. Sometimes supplying air at too great a 
rate can blow out a fire by cooling the fuel and stopping ignition. Table 
5-1 lists the ignition temperature of various fuel elements. The energy of 
ignition comes from fuel already burning in the furnace. 

Table 5-1. Combustible Ignition Temperatures 

Combustible element 
Fixed carbon in bituminous coal. . . . 

Fixed carbon in semibituminous coal 

Fixed carbon in anthracite coal. 

Acetylene (C 2 H 2 ). 

Ethane (CiHe). 

Ethylene (C 2 H 4 ). 

Hydrogen (H 2 )..— 

Methane (CH4) . 

Carbon monoxide (CO). 

Sulfur (S 2 ). 

2 . Air and fuel must be thoroughly mixed to burn the fuel completely. 
Various arrangements of burners do this with pulverized coal, lii fuel- 
bed bumi]ig part of the combustion air may be injected into the furnace at 
high speed across the direction of normal flow of the combustion gas. 
This turbulently mixes the air and furnace gases being burned. Without 
this turbulence furnace gases may stratify: streams of combustible gases 
and air may flow side by side without reacting with each other. 

3. Rate of supply of both air and fuel must be closely regulated to 
achieve the proper fuel-air ratio or excess air. Automatic combu.stion 
control systems do this m modern steam generators. The optimum fuel- 
air' ratio may be that value at which no combustible gases appear in 
gases leaving the furnace. This usually coincides with the highest furnace 
temperature. Sometimes furnace temperatures must be lowered by 
additional excess air to reduce maintenance of the furnace and its asso¬ 
ciated equipment. The dry-gas loss usually drops to a minimum when 
the furnace temperature reaches a maximum. 

4. Sufficient time must be allowed to complete the burning process 
in the furnace. This is primarily a matter of properly proportioning 
the furnace dimensions. In general, the taller the furnace, the longer 
the time available for completing combustion before the gases reach 
the boiler convection surfaces. 

6-3. Fuel-bed Combustion. Solid coal may burn on a grate by two 
methods: (1) overfeed or (2) underfeed. 


Ignition 
temperature, °F 
... . 770 

. .. 870 

.... 925 

. 900 

. 1000 

.... 1020 
1130 

.. . 1200 
.... 1210 
.... 470 
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bet us fir.st study the overfeed mechanics of combustion (Fig, 5-1). 
Tlie air with its water-vapor content (humidity) comes from the atmos- 
tfliere. A forced-draft (f-d) fan pressurizes the air slightly before it 
enters under tlie bottom of the grate. The air consists of Ns, Os, and 
IIoO. In flowing through the grate openings the air is heated while it 
cools the gi'ate. The warmed air then passes through a layer of hot 
a.slies and picks up additional energy. The region immediately above 
the ashes contains a mixture of incandescent coke and ash, coke content 
increasing hi the upward direction. As the air contacts the incandescent 
coke, the Oa reacts with the C to form COj.. In this part of the fuel bed 
Uic rate of carbon oxidation depends entirely on the rate of air supply. 
Increasing the air flow raises the rate of energy release by increased 


riame 
Greers Coa \ 

Coke 

Ash 

Qraie 



l|iG. 5-1. Overfeed fuel-bed section receives fresh coal on top surface,’ ignition plane 
lies between green coal and incandescent coke. 


burning. For a normal fuel bed more than 3 in. deep all the free O 2 in the 
air disappears in the incandescent region. Water vapor entering with the 
air reacts with the incandescent coke to form CO 2 , CO, and free H 2 . 
Upon further travel through the incandescent region some of the CO 2 
reacts with coke to form CO. Gases leaving the incandescent region 
consist of N 2 , CO 2 , CO, H 2 , and H 2 O; no free O 2 will be present (unless 
there are large holes in the fuel bed). 

Fresh fuel undergoing distillation of its volatile matter forms the top¬ 
most layer of the fuel bed. Heat for distillation and eventual ignition 
comes from four sources; (1) by conduction from the incandescent coke 
below, (2) from high-temperature gases diffusing through the surface of 
the bed, (3) by radiation from flames and hot gases in the furnace above, 
and (4) from the hot furnace walls. The ignition zone lies directly below 
the raw fuel undergoing distillation. 

Gases leaving the surface of the fuel bed contain volatile matter of the 
raw fuel and N 2 , CO 2 , CO, H 2 , and H 2 O. To burn the combustible gases, 
additional secondary air must be fed into the furnace to supply the needed 
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oxy^tuL The secondary air must be injected at considerable speed to 
criiate turbulence and to penetrate to all parts of the area above the fuel 
iKah The combustible gases then complete burning in the furnace. 
Combustion gases entering the boiler passes then contain N 2 , CO 2 J O 27 and 
H 2 O, plus some CO if burning is incomplete. 

Fuel, coke, and ash in the fuel bed “move” in a direction opposite to 
that of the air and gases. Raw fuel continually drops on the surface of 
the bed. Here it loses its volatile matter by distillation, while its fixed 
carbon and ash heat to incandescence. During incandescence the fuel 
continuously loses its carbon by oxidation until only the ash remains. 
The rising air feed cools the ash until it finally rests in a plane immediately 
adjacent to the grate. 



Ash 

Incandesceni 

Coke 

Green Coal 
Tuyere 


Fig. 5-2. Underfeed fuel-bed section receives fresh coal from retort underneath 
between two tuyeres; ignition plane lies between green coal and incandescent coke. 




Flame 


Primary Air 


Now let US study the underfeed method of burning fuel on a grate (Fig. 
5-2). Air, after passing through holes in the tuyere (grate), meets raw 
coal (green coal). Diffusing through spaces in the raw fuel, it then meets 
fuel losing its volatile matter by distillation. Heat for distillation comes 
by conduction through the mass of the fuel bed from the region of incan¬ 
descent coke abpve. The air mixes with the distilled volatile matter, 
passes through the ignition zone, and enters the region of incandescent 
coke. Heat for ignition also comes from the incandescent coke above, 
counter to the direction of flow of air and gases. 

The same reactions take place in the incandescent zone as in the over¬ 
feed method, but with some breaking up of the molecular structure of the 
volatile matter and partial reaction with O 2 of the air. The gases then 
pass through a region of incandescent ash on the surface of the fuel and 
finally discharge to the furnace with substantially the same constituents 
as for overfeed. There is the same need for a supply of secondary air to 
complete burning the gases in the furnace. 

Underfeed firing works best for semibituminous and bituminous coals 
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high in volatile matter and with caking teii deucy. The volatile matter 
pa&ses through the incandescent region to heat to furnace temperature. 
So when mixed with secondary air it bums quickly. In overfeed burning 
the volatile matter will be somewhat cooler than the furnace gases and so 
need a slightly longer time to ignite and complete burning. Tliis may 
(create a tendency to form smoke. 

Rate of ail' feed in underfeed burning has a marked effect on .speed 
of Ignition. The ri.sing air will have a cooling effect on the raw fuel prior 
to Ignition. At low rates of air flow heat conduction downward through 
t he fuel bed proceeds faster than the remcival of heat by the air. This lets 

II ic ignition plane move down a m.aximum below the bed surface, and 
ci'cates a maximum depth of incandescent zone. As air-flow rate ri.ses, 
how'ever, it removes heat from the fuel (being warmed by conduction) 
at a more rapid rate and raises the ignition zone nearer the fuel-bed sur- 
lace, narrowhig the zone of incandescent fuel. Air flow can be increased 

l. < 1 such a rate that it literally blows out tlie fire. This action cannot take 
place in the overfeed method since the air must first pass through the 
incandescent zone before reaching the ignition plane. 

pressure under the grate controls the rate of air feed to the fire, the 
ra te of burning rising almost directly with pressure increase. As air pres¬ 
sure rises, it exerts more and more force, tending to lift the fuel bed off the 
grate, making it necessary to carry a tliicker fuel bed at higher rates of 
lieat release. At higher air pi'essurcs than noi'mally used there is a narrow 
I'ange whert^ the fuel bed tends to float and become fluid in character. In 
Ibis condition the bed covers up the thin spots, tending to keep a uniform 

m. sistance to an- flow through all sections. Increasing the air pre.ssure 
slightly above this range or disturbing it by poking lifts the whole bed off 
Uie grate and the fire. 

6 - 4 . Traveling-grate Stokers. These stokers have two forms: (1) 
chain grate and ( 2 ) bar grate. These differ only in the details of grate 
r<in.struction. Figure 5-3 shows the general arrangement of either type of 
I ravclmg-grate stoker. The grate resembles an endless belt running over 
two .sets of sprocket wheels. The upper level of the grate carries the fuel 
bed, moving it from front to rear of the furnace. 

I he grate surface of a chain~graie stoker is made up of a series of cast-iron 
links connected by bars or pins to form an endless chain, and a surface as 
'Vide as needed. When the liiik.s pass over the end .sprockets, they move 
with a scissorhke action in respect to each other, w'hich helps to dislodge 
iMiy ciiiikers that may adhere to the grate. 

III a bar-grate stoker (also called “traveling-grate stoker”) the surface 
i.s made up of a st-ries of cast-iron sections mounted on cai'ricr bars. The 
I III I i{.i biUS ride on tvvo oi’ more endless-type drive chain.s and may receive 
iiddil.ional support from skid rails to carry the weight of the fuel bed. 
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In passing under the coal hopper a traveling grate takes on a layer of 
coal. A coal gate at the rear of the coal hopper regulates the depth of 
layer (fuel bed). The gate can be raised or lowered as needed. Primary 
air from the forced-draft fan discharge enters the wind box between the 
two layers of the grate. Secondary air enters the furnace through nozzles 
from ducts in the furnace walls not shown in the figure. Simultaneous 
adjustment of grate speed, fuel-bed thickness, and air flow controls the 
burning rate so that nothing but ashes remains on the grate by the time it 
reaches the furnace rear. The ashes fall into the ashpit as the grate turns 
on the rear sprocket to make the return trip on the lower level to the 
furnace front. 

As the raw, or green, coal on the grate enters the furnace, the surface 
coal ignites from heat of the furnace flame and from heat reflected by the 



Idler 
Sprocket 


Rear 


Igmlron Arch 
Hopper 


Fig. 5-3. Traveling-grate stoker moves like endless belt at slow rate, carrying fuel bed 
from right to left. Fuel-bed thickness is controlled by coal gate at back of coal 
hopper. * 


ignition arch. The ignition plane and incandescent zone move down 
through the incoming fuel bed. The ignition plane is inclined so that it 
intersects the grate surface a short distance into the furnace. The incan¬ 
descent zone extends from the ignition plane to a similarly inclined plane 
beyond which nothing but ash remains on the grate. The fuel bed 
becomes thinner toward the furnace rear as the combustible matter 
burns off. 

The fuel-bed thinning requires lowering of under-grate air pressure as 
the bed moves through the furnace. The wind box under the grate is 
divided into four sections fed by the two air inlets. Dampers in the 
sides of these inlets, under the grate, progressively lower the air pressure in 
the sections from front to stoker rear, even though all the air comes from 
just one fan at constant pressure. 

Rear furnace arches covering the stokers help to: (1) maintain a high 
fuel-bed temperature, (2) reduce the fuel-bed fines leaving with the 
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furnace gases, and (3) mix the combustible gases and air to complete 
burning. Secondary air injected at the neck of the furnace entrance aids 
in mixing the gases and supplies oxygen to complete combustion. 

Travehng-grate stokers can burn any type of free-burning coal. 
Slightly caking coal can be burned with a high enough under-grate air 
pressure. Distinctly caking coals cannot be burned because such a fuel 
bed must be agitated. 

Traveling-grate stokers can burn bituminous coal with 10 per cent 
moisture and 9 to 12 per cent ash at maximum rates of 500,000 Btu per sq 
ft-lir. When the moisture rises to 20 per cent and ash to 20 per cent, the 
maximum continuous burning rate drops to 425,000 Btu per sq ft-hi-. 
AMtlinicite may be burned at a maximum continuous rate of about 400,- 
000 Btu per sq ft-hr. But as the percentage of fines rises to more than 
I per cent through 200-mesh, the rate drops to 325,000 Btu per sq ft-hr. 

Preheated air must be used with caution. Some bituminous that burns 
without caking at 80 F may mat over when air rises to 250 F. Some other 
l)itumitmUM coals, however, may be burned with 350-F air, and with 
ant hracite and coke breeze air may be as hot as 450 F. High air tem- 
prnitiires aecelerates ignition, giving more flexibility with changing loads, 
\w\ improve over-nll boiUu' efficiency. 

The diHadvaiitageH of Ingfi air tenqicratures show as warping and over- 
heaiiiig of grates. Larger specific volumes of high-temperature air 
IhcriMtso its velocity tbnmgh graU^ opeiiiugs, which may lift the finer coal 
^ftrtic,les off the grate m carry-over. 

KiMinpte 6-i. A steam genonttor wiOi ituixiiiimn eantiaiiouH siean^ rating of 
JtKjpuiJ III per hr will he fired with bitutaituiUH vxm\ having 10 per cent moisture and 
m pi'r ami ash and a higher Iioating value (HlfV) of IHu per Wk If it takes 

lOUl) nin to evaporate 1 lb of feedwater onteritig the holler and aufierlieat. it to hmil 

..I'end tire and if the over-all steam-generator ellieiem^y m HU per cent, find: (a) tlie 

... supply in tons at maximum rating; (5) the grate urea needed; (c) the grate 

long I h if Imilding dimensions limit grate width to ft. 

Hoi u turn 

1. 'I'otiil heat absorbed by water and steam = 200,000 X 1,000 = 200 X 10® Btu 
per hr 

200 X 10® 

2, iMiel lieat release = — ^ - = 250 X 10® Btu per hr 

250 X 10® 

il. (Joal supply = 13 200 X 2,000 = 

= ^ 5 ^ 0 ^ 000 ' = “0 

A. (Irate length = = 25 ft 

'I’nivoling-grate stokers may be driven by variable-speed electric motors 
or by eonstunt-speed motors through hydraulic- or electric-type couplings. 
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High-ratio gear reductions must be used to get the speed down to the few 
feet per hour of the grate travel. The hopper coal gate usually may be 
regulated by a handwheel through a worm-and-gear arrangement. 

Stoker-drive motors vary from about 1 hp for a 100-sq ft grate to 3 hp 
for a 400-sq ft stoker. The energy consumption for grate drive is 
negligible compared with the heat released by the fuel. Severe heating 
of the stoker requires regular repairs as grate parts need replacements. 
Maintenance costs vary from about 1 to 4 cents per ton of coal burned on 
the grate. 



Fig. 5-4. Spreader stoker hurls coal particles into furnace; light coal particles burn in 
suspension; heavy particles fall on grate and burn. Slowly rotating feeder measures 
out'steady stream of coal falling in front of fast-turning spreader. 

5-6. Spfeader Stokers. These stokers use the overfeed principle of 
fuel burning. Figure 5-4 shows the elements of a spreader stoker feeding 
coal onto a stationary grate. The rotating feeder, consisting of short 
blades on the surface of a drum, takes coal out of the bottom of the hopper 
and drops it in a continuous stream to the spreader below. The speed 
of the feeder varies directly with steam output of the boiler. 

The spreader, or distributor, consists of a shaft carrying paddles alter¬ 
nately inchned to the left and right of the furnace center line. The 
paddles of the rapidly rotating spreader hit the particles of the steady coal 
stream falling in front of them and hurl them into the furnace. The 
angularity of the paddles gives uniform distribution of the coal in the 
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furnace from left to right. The distribution along the depth of the furnace 
depends on the rotating speed of the distributor, which can be varied, 
and on the size consist of the coal. If too large a proportion of the coal 
runs to be one size the coal tends to concentrate in one area of the grate. 
Sizes should be uniformly mixed from fines to about % in. for best results. 
The spreader speed must be varied as the size consist of the coal changes 
to maintain uniform distribution on the grate. 

Other methods may be used to measure and convey the coal from the 
hopper to the distributor, such as; (1) a continuous belt and gate under 
the coal hopper; (2) multiple cylinders and pistons under the coal hopper, 
the coal dropping into the cylinders from the hopper and the piston push¬ 
ing the coal out of the cylinder to fall before the distributor; and (3) a 
worm-screw feed from the bottom of the coal hopper. 

Spreaders may be either overthrow as in Fig. 5-4 or underthrow. Fine 
particles of the coal thrown into the furnace burn in suspension. Part of 
the volatile matter of the larger coal pieces distills off in the furnace heat 
l)efore the coal reaches the grate. The total burning process combines 
suspension and overfeed combustion. The fuel bed on the grate usually 
is about 3 to 4 in. thick. 

Figure 5-4 shows a dumping type of stationary grate; it consists of 
|)erforated cast-iron bars about 3 ft long and 6 in. wide with a depth of 
about 6 in. Each bar pivots parallel to the 3-ft axis. Bars placed side 
by side with their 3-ft lengths adjacent to each other make up a grate 
section. Links underneath the grate connect all the bars to a lever near 
the spreader stoker. Moving the lever back and forth makes the bars 
rock about their pivots. This makes the ash on the bottom of the fire fall 
ihrough to the ashpit underneath the grate. Several grate sections with 
individual dumping levers make up a complete grate. This allows clean¬ 
ing one part of a fuel bed at a time with only a small drop in steam output. 

Larger steam generators may have two or more spreader stokers side 
by side in the furnace front wall. Stationary grates usually serve boilers 
up to a maximum of about 75,000 lb per hr capacity. For larger capaci- 
I i(vs up to about 350,000 lb per hr a traveling grate (Fig. 5-5) will be used. 

I n this design the grate travels from back to front of the furnace, discharg¬ 
ing the ash into a pit underneath the stoker. In other arrangements the 
grate may travel from front to back with the ashpit at the rear. 

Fxcept for the larger boilers the wind box under the grate will be com- 
partmented only for the length of the furnace, so that air can be shut off 
while cleaning a section of the fire. In large furnaces with traveling 
grates the wind box may be compartmented along the length of the stoker 
lo compensate for fuel-bed thinning. 

Ileat-release rates on stationary grates may run as high as 450,000 Btu 
per sq ft-hr; on traveling grates the rate may be doubled to 900,000 Btu 
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per S(1 ft-hr. Since part of the fuel burns in suspension, the burning rate 
related to furnace volume plays an important part. In refractory fur¬ 
naces heat-liberation maximu^n rates run from 20,000 to 35,000 Btu per cu 
ft-hr. In water-cooled furnaces this rate may be pushed up to 45,000 Btu 
per cu ft-hr. 

Because of the thin fuel bed and suspension burning spreader stokers 
tend to suffer a fuel loss in cinders up the stack. This may run from about 
I to 4 per cent. Arrangements are usually made to return some of the 
cinders, trapped in the boiler passes, to the furnace for complete burning. 

Mixing of the furnace gases and air may be done by jetting secondary 
air into the furnace about 3 ft above the grate. Some designs may use 



Fig. 5-5. Spreader stoker scatters coal evenly on chain grate moving slowly toward 
stoker end of furnace. At end of travel ashes drop off stoker into pit below. 


steam jets for the purpose and force all combustion air through the fuel 
bed. These jets also help to reduce the cinder loss and smoke. 

6 -6. Underfeed Stokers. Figures 5-6 and 5-7 show essential elements 
of one type of multiple-retort underfeed stoker. The stoker consists of a 
series of sloping parallel troughs formed by tuyere stacks. These troughs 
are called retorts. Under the coal hopper at the head end of the retorts, 
feeding rams reciprocate back and forth. With the ram in the outer posi¬ 
tion coal from the hopper falls into the space vacated by the ram. On 
the inward stroke the ram forces the coal into the retort. Ideally, raw 
coal completely fills the retort to a level above the tuyeres. 

Secondary, or distributing, rams, forming the floor of the retorts, control 
the height and profile of the fuel bed (lig- 5-7). Ihese rams oscillate 
parallel to the retort axis; the length of their strokes can be varied as 
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. 

I''|G. 5-6. Miiltiiilc-nstort undeducd isloker Bcction shows, from left to right, ash dump 
idjili;, reciprocating extension gratir, distributing rams, and section through tuyere 
Mfack. {Courtesy of American Engineering Company.) 
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hi(j. 5-7. Coal from hopper drops in front of reciprocating ram to be pushed into 
irlnrf bottom. Distributing rams force coal upward and to the left as fuel bed slowly 
|iin^«tesHeH to extension gi’iite and ash dump plate. 
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needed. They slowly move the entire fuel bed down the length of the 
stoker. At the rear of the stoker the partly burned fuel bed moves onto 
an extension grate arranged dn sections. These sections also oscillate 
parallel to the fuel-bed movement. The sharp slope of the stoker aids in 
moving the fuel bed. Fuel-bed movement keeps it slightly agitated to 
break up clinker formation. From the extension grate the ash moves onto 
the ash dump plate. Tilting the dump plate at long intervals deposits the 
ash in the ashpit below. 



(a) Ideal fuel bed seclion 



(b) Actual fuel bed section 

Fig. 5-8. (a) In ideal fuel-bed section on uiiderfeed stokers ignition plane should 
stay entirely above tuyeres, {b) In a(d.Lial fuel bed ignition plane extends from 
tuyeres to cap each retort. Burning coke breaks off lanes above retort and falls onto 
tuyeres to complete burning. 

Primary air from the wind box underneath the stoker enters the fuel bed 
through holes in the vertical sides of the tuyeres. The extension grate 
carries a much thinner fuel bed and so must have a lower air pressure 
under it. A controlling air damper regulates the air entering from the 
main wind box into the extension-grate wind box (Fig. 5-7). 

Figure 5-8a shows a section of an ideal fuel bed on an underfeed stoker. 
Green coal fills the retorts to a level above the tuyeres. The ignition 
plane is a short distance above the tuyeres. Primary air supplied through 
the tuyeres should diffuse throughout the upper region of the green coal 
before passing through the ignition plane and the distillation or coking 
zone. The air and volatile matter then pass through the incandescent 
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zone and finally through the layer of incandescent ash into the furnace 
above. 

Research reveals, however, that the fuel bed acts as in Fig. 5-86. Cool 
green coal extends well above the tuyere level in the retorts. The ignition 
surface and coking zone form an inverted U, capping the green coal in the 
retorts. A thin layer of coke burns at a very slow rate at the horizontal 
surface above the retorts. 

Rapidly burning coke fills the lanes above the tuyeres. Since the air 
barely penetrates from the tuyeres to the spaces above the retorts, it 
flows directly to the spaces above the tuyeres. The coke coating the 
vertical walls of the green coal in the retorts swells and cracks. This 
makes it fall into the lanes above the tuyeres, where it burns at a fast rate. 

The ash eventually works its way down the retort lanes, owing to agita¬ 
tion from the air flow, and finally deposits on the ash dump plate. The 



Fig. 5-9. Single-retort underfeed stoker has horizontal retort bottom. Reciprocating 
ram, or screw feeder, forces coal into bottom of retort. Distributing rams help force 
(!oal upward to spill over tuyeres so that burning fuel bed moves sideways to ash dump 
plates at sides of stoker. 


mechanics of the combustion process follow neither pure overfeed nor pure 
underfeed burning on the underfeed stoker. 

Multiple underfeed stokers have been used in steam generators up to 
500,000 lb per hr capacity. The advantages of pulverized fuel in large 
boilers, however, have caused this method to supersede underfeed stokers 
I’or central-station service. Underfeed stokers still find a place in medium¬ 
sized and small boilers used for industrial service. 

Single-retort underfeed stokers serve smaller boilers, their size ranging 
from 10 to about 130 sq ft of projected area. These correspond to coal¬ 
burning capacities of about 100 to 7,000 lb per hr and steaming capacities 
of 700 to 60,000 lb per hr. Figure 5-9 shows one form of single-retort 
underfeed stoker. The variety of designs available usually have hori¬ 
zontal retorts. Either a worm or a ram forces coal into the retort from 
the bottom of the hopper. Adjustable reciprocating feed rams make up 
tfie bottom of the retort; these aid in distributing the coal along the length 
of the retort. Coal forced in along the length of the retort spills up over 
the tuyeres on the sides of the retort. The action of the rams keeps the 
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coal moving so that fluid ash will not mat the fuel bed. Additional 
agitation comes from mechanically moving the grate on each side of the 
retort. This motion graduafly moves the fuel bed sideways from the 
retort onto the dump plates at the sides. Tilting the dump plates drops 
the ash into the pits below. 


PROBLEMS 

6-1. A steam plant has a 2,000-kw turbine that uses 12 lb of steam per kilowatt- 
hour at 400 psia and 500 F. Steam-goaerator efficiency is 75,0 per cent when burning 
coal with a HHV of 13,610 Btu per lb and when supplied with 280-F feedwater. 
The underfeed stoker serving tlie furnace needs 0.5 hp per 1^000 lb of eoal burned per 
hour. 

Calculate the drive power needed by the stoker as a per cent of the turbine output 
at full load. 

6-2. A spreader stoker with traveling grate can burn 40 lb per sq ft-hr of 13,200- 
Btu-per-lb coal. In a refractory-walled furnace the designer determines he should 
limit the heat release to 20,000 Btu per eu ft-hr to avoid high maintenance. If the 
grate dimensions are 15 by 20 ft and the projected ashpit area is 40 sq ft, how tall 
should the furnace be? 

6-3. A traveling-grate stoker burns coal with a HHV of 12,600 Btu per lb costing 
30 cents per million Btu. If it costs 3 cents per ton of coal burned to repair the grate, 
what percentage of the total fuel-cost does this represent? 


SELECTED BIBLIOGRAPHY 

Babcock & Wilcox Company: “Steam—Its Generation and Use,” 37th ed., pp. 16-1 to 
16-20, New York, 1955. 

Combustion Engineering Company, Inc.: “Combustion Engineering,” pp. 3-1 to 6-32, 
New York, 1953. 

Rowley, L. N., J. C. McCabe, and B. G. A.^Skrotzki: Fuels and Firing, Power, Decem¬ 
ber, 1948, pp. 71-118. 

Search latest issues of Transactions of the ASME, issued quarterly. 

Search latest issues of Proceedings of the American Power Conference, held annually in 
• Chicago, Ill. 

Search latest issues of Power, Power Engineering, Southern Power and Industry, Com^ 
hustion, and Heat Engineering. 


CHAPTER 6 


SUSPENSION FIRING 


6-1. Pulverized Coal. Burning powdered (pulverized) coal for gen¬ 
erating steam was first applied commercially in the early 1920s. Since 
then it has become almost universal in central stations using coal for fuel. 
This method first grinds coal to dustlike size and then carries the powdered 
coal in a stream of air into the furnace. 

High-temperature flames in the furnace heat the entering coal particles 
to distill off the volatile matter. The volatile gases mix with the oxygen 
of the air, further heating ignites them, and they burn quickly. Distilla¬ 
tion reduces the coal particles to minute, spongelike masses of fixed 
carbon and ash. 

Heating the carbon raises it to ignition temperature, and it reacts 
with the oxygen of the hot air in the furnace to release heat energy. This 
forms a blanket of combustion products on the carbon particles. To 
expose the unburned carbon underneath to fresh supplies of oxygen, the 
blanket of gaseous products must be stripped off by turbulent mixing of 
the carbon particles and air. 

As explained in Sec. 5-2, proper fuel burning requires supplying correct 
proportion of air, mixing of fuel and air, high temperature, and adequate 
time to complete combustion reactions. The ash remaining after com¬ 
pleting combustion reactions falls to the furnace bottom, or floats in the 
combustion gases to the boiler flue-gas outlet, or deposits on the boiler 
luiating surfaces. 

Pulverized-coal furnaces must withstand the high temperatures and 
Ixj properly proportioned to hold the volume of fuel, air, and gases 
and allow enough time for complete burning. Modern central-station 
boiler furnaces have water-cooled walls that form part of the steam- 
gcxierating heat-absorbing surfaces. 

The success of pulverized-coal burning stems from the greater surface 
exposed by breaking a given mass of coal into smaller pieces. Figure 
0-1 shows the relation between surface per unit volume of spheres (or 
cubes) with diameter (or edge length). For example, at 0.1 in. diameter 
II sphere has 60 sq in. surface per cubic inch volume; at 0.01 in. it has 
000 sq in. per cu in.; and at 0.001 in. it has 6,000 sq in. per cu in. The 
steeply rising curve shows the advantage of fine pulverization. 
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Greater surface per unit mass of coal allows faster combustion reactions 
because more carbon becomes exposed to heat and oxypn. This reduces 
the excess air needed to ensure complete combustion. In turn this 
reduces the dry-gas loss and raises the over-all steam-generating efficiency. 
Added costs of coal-grinding equipment and grinding energy partly offset 

these advantages. , 

Pulverized-coal firing advantages include: (1) low excess-air needs, 
(2) lower fan power; (3) higher boiler efficiency; (4) ability to burn wide 
variety of coals; (5) fast response to load changes; (6) low banking 
(7) ease of burning alternately with, or in combination with, gas and oil; 
and (8) ability to release large amounts of heat, making it possible to 
generate about 4,000,000 lb steam per hour in one boiler. 



Diameter, inches 


Fig 6-1 Reducing the size of particles exposes'more surface per unit volume. This 
relation applies to spheres or cubes; for the latter substitute edge length for diameter. 

The disadvantages of pulverized coal include: (1) added investment in 
coal-preparation equipment, (2) add»d power needed for pulverizing coal, 
(3) investment in stack fly-ash removal equipment, and (4) large-vohime 
furnaces needed to withstand high gas temperatures. These disad¬ 
vantages offset some of the advantages cited, but the net gain has led to 

the wide use of pulverized-coal firing. , u c i- 

6-2. Pulverizing Systems. The bin, or central, system was the firs 
arrangement used in pulverizing coal for steam generation. Figure 6-2 
indicates the sequence of equipment needed and features a closed storage 
bin for the powdered coal. The advantages of the bin system include 
the ability to grind coal at a steady rate regardless of boiler load. Less 
pulverizer (mill) capacity need be installed for a given boiler capacity, 
and the mills can be run steadily at their most efficient rating. Occasiona 
mill outage does not affect coal feed to the furnace. ^ 

Additional equipment needed for separating conveying air rom e 
pulverized coal before storing in the bin, and the conveying system itselt, 
offset the economy of lower mill capacity. In addition the nuisance o 
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roHulual coal dust carried to the atmosphere by the air separated in the 
(lyeloiie collector and the hazard of storing pulverized fuel create oper- 
atiiiK problems. 

Whihs Hoveral bin systems still run in some central stations, practically 
all modem plants use the unit, or direct-fired, system. Figure 6-2 also 
whoWM the arrangement of the direct-fired system, which eliminates the 
lnterm(!(liuU^ storage bin. Pulverized coal from the mill discharges 



f^li (llldl lOIIMlIlMi flli H IMlIvorlHOil plniil iiivnlvt'N M of (^(piiprMGnt 

MtHl lliM, lIl'N, MilM'Nil, MiIIIm, mmI'Ih, ttliil tI'MiiM|MM'tH 11)0 roiil froiii plant 

Miihy III liolli>r fiinmiiM 

illl'eelly to tint fnniaee. We hIimII eoiiline our ntUMition to the direct-fired 
fiyiileiit 

0-1. Prillmlnury Equipment, ('oal received by a plant may vary 
widely III hl^esol' iudividuti l piiMK's. For efficient grinding, coal should not 
eneeed eertiiin (liinenMions. Many plants pass the raw coal through a 
lUeliinliiiiry eruHher to reduci^ tlui size to allowable limit. This crushing 
Usiinlly tiilii'M place as an operation in removing the coal from barge, 
Ii'mIii, or truck and l-raiinporting it to the coal storage pile or bunker in 
I lie plant. In sncli liaii(Hing the coal often moves by conveyer belt. 
Al Ilia coiiveyi'i' diMchargc'S, magnets remove pyrites and “tramp iron^’ 
I lull inixed witti (lie coal on its way from the mine to plant. 
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In a few installations, especially the older bin systems, the coal may 
pass through a dryer to remove excess moisture. But the present practice 
of using heated air in modernfmills has made preliminary drying obsolete 
except for unusually wet coals. 

6-4. Coal Pulverizers. Mills reduce coal to powder form by three 
actions: (1) impact, (2) attrition, and (3) crushing. Most mills use all 



three actions in varying degrees depending on design. In impact, 
hammers break up the coal into smaller pieces; in attrition, the coal pieces 
rub against each other or against metal surfaces to disintegrate; in 
crushing, coal caught between metal rolling surfaces breaks down to dust. 

Mills must have reliable methods of feeding coal to the grinding section 
and removing the powdered product. For direct firing the coal must be 
fed at a rate varying vrith the steam output of the boiler. Figure 6-3 
shows the elements of a disk, or plate, feeder. Coal from a bin above falls 
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onto the slowly rotating table through the downspout. The distance 
between the downspout and table is fixed so the coal does not fall off the 
table but backs up into the spout. The plow cuts away the outer edge of 
the coal pile on the table, making a measured amount fall into the feed 
chute to the pulverizer. Adjusting the plow position and table rotation 
controls the rate of coal flow entering the mill. 



6-4. In drum feeder coal from above fills pockets of rotating drum to be 
inetored. Pockets discharge coal onto belt below fitted with magnetic separator in 
wlioel D. Belt discharges coal to pulverizer below. Wiper C removes coal sticking 
(.0 drum pockets. 

Figure 6-4 shows a drum-type coal feeder. Coal from a bin above fills 
iJio pockets of the drum as it revolves slowly. The spring-loaded leveling 
apron at the left side of the hopper outlet measures out equal coal amounts 
into each pocket. A variable-speed transmission varies the drum rota¬ 
tion to control the coal-feed rate. A hinged wiper at the bottom of the 
drum removes wet coal that adheres to the drum pockets. From the 
pockets the coal falls onto the conveyor belt to be discharged to the 
pulverizer below. 

6 - 6 . Ball, or Tube, Mill. Figure 6-5 shows a ball, or tube, mill. This 
liiiH a slowly revolving horizontal cylinder turning at about 20 rpm. 
About half its volume holds a mixture of steel balls and coal that rides 
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lip tlie riHiiiK wide of the eyliiider. The upper edge of the mixture ava- 
Imiehew d.iwii ttie iiielined side as it rises too high. This continuous tum¬ 
bling action makes the heavy* balls slam against the coal pieces, reducing 
them to powder by combined impact, attrition, and crushing actions. 

Raw coal from the talde feeder, upper right, drops to the ends of the 
cyliniier’s hollow annular shaft, where the worms push it into the drum 



Fig (i-5. Heavy steel balls tnmbletl with coal in rotating drum dower center gr.n.l 
coal to powtler'. Itaw coal from feeder (upper right) drops to shaft ends, ttonn.s 
push coal into drum. Heated aii- enters drum through center ducts on each side, 
picks up powdered coal, and exits th rough aim ular space m shafte. Coal-air mix How a 
tlwough tdassifiers at each shaft end to reject oversme pieces to drum 
Exhau-ster fan (above leftj passes mix to liurners. {(.ourlesy of 7 osU.i It Aceter 

CoT'poration,) 

to mix with the steel bulls, Heuted uir enters the cylinder, or drum, 
through the hollow tube^^ at each end. The swirling air picks up the coal 
dust and leaves via the annular spaces through which the raw emd enters 
t.he cylinder. The fast-moving coal-air mixture enters the classifiers at 
each end of the shaft. Here it makes several sharp changes in direction 
that, throw out oversized coal particles. These tailinas fall, to reenter 
lh(^ drum with the raw coal. 
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The exhauster fan, above left, induces the air flow through the mill and 
passes the dust-laden air on to the distributing ducts for delivery to the 
burners in the furnace wall. The coal output of the mill depends on the 
fjiic of air flow. Since a constant-speed motor drives the fan, a damper 
lit the fan inlet controls air-coal flow to the burners. Automatic control 
varies the coal-feeder rate with the rate of air flow. 

The coal being milled in the drum provides a reserve of about 8 min 
sliould the raw coal feed be accidentally interrupted. The mill produces 
70 to 75 per cent of coal dust passing through a 200-mesh sieve when 
grinding bituminous coals. About 0.1 to 0.25 lb of steel balls wear away 
lor each ton of bituminous coal milled. Soft coals consume about 12 
k whr per ton and medium-hard bituminous up to 17 kwhr per ton to drive 
I mill. The feeder needs up to 1 kwhr per ton and the exhauster fan up 
In 7 kwhr per ton of coal milled. 

6 -6. Ball-and-race Mill. The ball-and-race mill (Fig. 6-6) crushes coal 
lK‘tween two moving surfaces, balls and races. An upper stationary race 
mid a lower rotating race, driven by a worm and gear, hold the balls 
l)(‘l ween them. Coal enters the mill through the rotating-table feeder, at 
I li(' upper right, to fall on the inner side of the races. The moving balls 
mid races catch coal between them to crush it to a powder. Springs 
hold down the upper stationary race and adjust the force needed for 
ciMishing. 

Hot air supplied by a forced-draft fan enters the mill through the 
miMular space surrounding the races. As it flows between the balls and 
nuM^s, it picks up the coal dust and enters the classifier above. The fixed 
\'mics make the entering air take on a cyclonic flow which throws the 
o\'oi‘sized coal particles to the wall of the classifier. From here they slide 
<lowii for further grinding in the mill. Dust of proper sizes leaves with 

I li(‘ air through the top of the classifier on its way to the burners. 

While the tube mill (Fig. 6-5) runs under negative pressure because 
(lio Fan is at the mill outlet, the mill in Fig. 6-6 runs under positive pres- 
Mni(‘ because the fan is at the inlet. The fan handles air only, which 

II voids eroding the fan blades by coal particles passing through. 

Hh) lower race turns at about 220 to 280 rpm. The mill can handle 
roals with as much as 20 per cent moisture. The air-flow rate fixes the 
iiiiioiiiit of coal dust removed from the mill with the coal-feeder speed 
K'sponding through automatic controls. Mill, feeder, and fan need up to 
I ! kwhr per ton of coal pulverized. 

6-7. Bowl Mill, The bowl mill shown in Fig. 6-7 has a grinding ring 
rm i*i(Hl on the sloping side of the rotating bowl. The bowl rotation gives 
Mil' bowl a rim speed of about 1,200 ft per min. The spring-loaded sta- 
hoiimy rollers just clear the grinding ring. 

A rotary hnuler, not shown, discharges coal into the turning bowl. 
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(V'litrifugal force throws the coal to the bowl rim and up the sloping sides, 
to hi) crushed under the rollers. From the bowl rim the coal enters the 
Hurrciuiidiiig annular passage# Deflectors above the bowl bounce the 
liu'g(! particles back into the bowl. 

I I„t air enters the mill at the left side of the mill bowl and flows upward 
and then horizontally across the bowl top, to pick up the coal fines. It 



Pig. Ball-£ind-race mill hn.s lower race turned by worm-and-gear drive. Balia 
turn between lower race and upper spring-loaded stationary race. Coal enters Irom 
feeder, upper right, to drop inside races. Air from annular duct, 

izor, enters from beneath lower race to ]>ick up coal crushed between halls and races. 
Ck.id-air mix enters elaasilier in center above vertical .shaft. Tangentra entry between 
blades throws oversized coal pieces to sides, to slide back to milJ._ Coal-air mix leaves 
through top on way to burners. {Courlesy of The Btibcoch A-- Htfcor: Company.) 

enters the classifier, taking on a cyclonic flow that throws the oversized 
particles outward, to be returned to the bowl through the central spout 
for more grinding. 

Pyrites and tramp iron pass up to and over the bowl rim by centntugal 
I’orcH!, to fall to the mill bottom. Arms on the bowl bottom sweep tluMU 
;t round, to be diseharged through the lowcu- right spoilt. 
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The exhauster fan, lower left, takes the dust-laden air from the classifier 
and passes it on to the burners. Mill and feeder use about 10 kwhr per 
ton of coal ground and the exhauster fan about 5 kwhr per ton. 

6 -8. Pulverizer Performance. The power consumption of a mill 
should be low to minimize operating costs. This main factor of per¬ 
formance depends on: (1) grindability of the coal, (2) surface moisture on 
the coal, and (3) fineness of the grind needed. 



l‘ i(k (1-7. BoM mill turned by worm-and-gear drive receives coal from drum feeder at 
Min>ci' light, not shown. Coal caught between bowl aide and stationary spring-loaded 
H • 11 I s is pulverized and tli rown to bowl rim. Hot a ir enters through duct, left of bowl, 
up outer side of bowl, piek.'^ up powdered coal, and enters elasaifier above. 
I U CI Sized pieces fall back to bowl through center spout. Exhauster fan pulls coal-air 
iiii\ (Mit ol classifier and passes it on to burners. (Courtesy of Combustion Engineering 
^ 'otnponyj Inc.) 


'I’Ik' method of measuring coal grindability that is most often used is the 
1 l;ii’dgi‘ove index. A low index number designates coals hard and difficult 
I (► grind, while a high index number applies to coals soft and easy to grind. 
I'lio iiKdJiod depends on grinding properly prepared and measured coal 
'iiMipks ill a small laboratory mill for 60 revolutions and then measuring 
I In- aitionnl, that passes through a 200-mesh sieve. 

1 liii(lgrov(‘ griiidabilities vary from less than 26 to over 112. The 
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ciapacity of a mill varies almost directly with grindability, rising not quite 
HO rapidly with the higher indexes. The amount of coal that a mi can 
handle depends entirely on the grindability of the coal, an uncontrollable 
factor, and one that a plant designer must carefully investigate to ensure 
that a steam generator can fully develop its rated capacity when burning 

^^T^lnenet of the powdered coal needed for successful burning depends 
largely on the ratio of volatile matter (VM) to fixed carbom For anthra¬ 
cite (low VM) about 85 per cent of the powdered coal should pass through 
a 200-mesh sieve, with less than 2 per cent being retained on a 50-mesh 
screen At the other extreme only about 60 per cent need pass through a 
200-mesh for a high-VM coal like lignite. Since the carbon burns slower 
than the volatile matter, low-VM coals must be ground finer to expose 
more surface to permit burning more coal in a given residence time in the 

^'^Thrfiner the grind, the greater the power input needed. Overgnnd- 
ing is expensive in energy and maintenance incurred by the extra w^r. 
This factor must be watched to achieve efficient plant operation. For 
example, with 70 per cent through 200-mesh, power and mamtenance cost 
would be relatively 100 per cent. Hut at 80 per cent through *.00-im;sh 
cost rises to 135 per cent, and at 90 per cent through 200-mesh cost rockets 

to 245 per cent. i r x- -i-l 

Moisture makes fine coal particles adhere to each other, defeating the 

purpose of grinding to expose more surface. Heated primary air evapo¬ 
rates this moisture in the mill and carries the vapor to the furnace with 
the coal Inlet-air temperature must be regulated to keep the exi 
temperature at least 25 F higher than the dew point of the exit air ; this 
usually ranges between 130 and 100 F. With some coals this requires a 

mill inlet-air temperature up to 000 lu , , , r 

6-9. Burners. Primary air that carries the powdered coal from the 
mill to the furnace is only about 20 per cent of the total air needed or 
combustion. Before the coal enters the furnace, it must be mixed wit 
additional air, known as secondary air, in burners mounted in the furnace 

"^tn addition to the prime function of mixing, burners must also maintain 
stable ignition of the fuel-air mix and control the flame shape andtravel 
in the furnace. Ignition depends on the rate of flame propagation. I o 
prevent flashback into the burner, the coal-air mixture must move 
Lav from the burner at a rate equal to flame-front travel. Too much 
secondary air can cool the mixture and prevent its heating to ignition 

temperature. i miv 

Turbulent burners (Fig. 6-8) give a rotary motion to the coal-ait mix¬ 
ture in a central nozzle and also to the secondary air that flows through 
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the annular space surrounding the nozzle. This mixes the two streams, 
as they enter the furnace at the left, to distribute the coal dust uni¬ 
formly throughout the total air available for combustion. 

The multitip burner (Fig. 6-9) has 16 tips, or nozzles, fed by a duct from 
(Jie mill. This aids in uniformly distributing the primary-air and coal 
streams entering the furnace. The secondary air enters the furnace in 


t'ni li S Turbulent burner for coal and oil firing has side entrance to center annular 
inlit' MO Miai air travels spiral path into furnace, left. Oil sprays through mechanical 
nliiiiii/ri’ nozzle, left center. Secondary air enters through dampers surrounding 
Imii lirr. 

) loitr pro.xiiiiity to the coal through separate openings. Mixing takes 
in flic furnace, and not the burner, in this type. 

1'liiM v<‘it,ical arrangement projects the flame downward, but before 
It'll\ iMg fli(‘ furnace the flame usually makes a U turn upward. This 
MJm'ii if longer travel and time to complete the combustion reaction. 
bliiM. I lip fut'iiaces often use this type of burner because the flame being 
|iim| II Mliorf disfa!K!e above the furnace bottom keeps the ash molten so 
(lull il can flow out to a slag tank below. 
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TiltiiitC tiiiiKPiituil-fircci burners (Fig. 6-10) aid in controlling the super¬ 
heat of the steam leaving the steam generator. One burner assembly 
stands in each of the four corners of the furnace at about midheight (Fig. 
(i' n) ^ I’ipes h'om the mills feed the coal nozzle.s aimed into the furnace. 
Secoiidary air (lows through the annular areas surrounding the nozzles, 
d'he coal nozzles can be tilted to vary the flame zone vertically over a 

rjiiige of about 12 ft. . ... o j. 

The burners are aimed tangent to a small circle at the furnace center. 

The streams impinge on each other near the furnace center to promote 

adequate mixing and turbulence. 



Fig. 6-9. Vertical powdered-coal burners with 16 tips direct coal-air mix toward 
bottom of furnace. 

■ The oil-burning nozzles in Figs. 6-8 and 6-10 are used to ignite the coal 
during start-up of the steam generator. An oil flame produces a tempera¬ 
ture high enough to ignite the coal. Once the coal flame is established, 

the oil flame is extinguished. u a .t 

Single coal burners have capacities up to 150 million Btu per hr e‘ 
release at full load. This equals about 6 tons of coal per hour. Central- 
station boilers have several pulverizers, each feeding several burners. 
Some burners have coal nozzles, each fed from the different pulverizers 
serving the boiler. The total heat release in the boiler furnace can be 
varied by changing coal and air flow through all the pulverizers and their 
connected burners. Most pulverizers have a turndown ratio of about 
1 - .'I the minimum heat release or fucl-air flow being onc-third the lidl- 
l.ad flow. To achieve a greater over-all turndown ratio an entire 
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6-10. Corner-mounted pulverized-coal burners 
linvc tilting nozzles to vary height of flame zone in 
lurtiace. {Courtesy of Combustion Engineering Com- 
(Kiny, Inc.) 





























































144 


STEAM POWER PLANTS 


p„,veri». and da connected Wer coa. noctles can be shut down to get 

'°*Air flow must not be reduced below ^ powdered 

through the 

;t “anT™L„.en;. to overconre pressure drop in the eoal-a,r 

f thp uuDPr limit from tin economy bUiiulpomt. 

''TreXFd'-"- '‘'''-^'^'“'''"’‘“V^ofto'rxrs"™ 

designed to burn of less than 2500 F. 

higher ash content a - ..vlinder completely water-cooled, that 

rc-rs^ cLr?:: L dtr^nmn, s iL, carried In prlnrar, air at 

the left end. ' ^ of the cylindrical 

J„“r‘?ec»try air enters the tor through taugeutral ports at the 



f'SoYg„™rtSgXr":r“ 

heater-outlet steam temperature. 

Twl'y fowu I'iSrX::* I.ae“d'S ^^ndetto tiuttghTht op*- 

rh”'t”35o”ft per se"!!) the combustion reaction proceeds at a yeiy high 
Se me furnace dXops temperatures of 3000 F and releases heat at 

'The^rh;rg=^ 

lfburn'::ras”X™rfuei:irc;clone fur„« These are usually 
■"’Sw: ;re at hrpXrtsed; . typlca. slslng 
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pusses about 50 per cent through a 28-inesh sieve and only 10 per cent 
thi'ough 200-mesh. Cyclone-furnace pressures range up to 40 in. H 2 O and 
('liininate the need for induced-draft fans. The crusher needs less power 
than a pulverizer. The total auxiliary power for a forced-draft fan 
tiiid coal crusher runs higher than for a pulverized-coal boiler burning 
It liigh-heating-value coal, but less than for one burning a low-heating- 
viiluc coal. 



I' lu ()-12. Cyclone furnace throws crushed coal particles to catch in slag flowing down 
\MtllM of horizontal cylindrical furnace. High-speed secondary air sweeping over 
liiipprd coal produces very high rate of combustion reaction, {Courtesy of The 
WulHock, Wilcox Company.) 


0-11. Oil-burning Systems. These systems usually fire Bunker-C oil, 
II ivsiduiil remaining after the lighter fractions have been removed from 
riiido oil in the refineries. In the typical system shown in Fig. 6-13 oil 
lliiws irom storage tanks A, through strainers B, to pumps C. These 
(icli\ (‘r tile oil to heaters D; then it fiows through strainers E on its way 
In llie buriicrsF. Duplicating this equipment permits cleaning it without 
Mliulliiig down the boiler. 

Ihiiks of concrete or steel store the oil near the plant; capacities may 
iMM^'c up to several hundred thousand gallons. Oil tanks must be com- 
plrlrly sui'rounded by a dike that can hold all the oil contents if the tank 
nlioiild I’liplure. 
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Oil burners must atomize the oil before injecting it into the furnace. 
They can do this by (1) heat vaporization or (2) mechanical spraying. 
Because of the amount offbeat needed to vaporize oil the first method 
is little used in central stations. 

Oil must be atomized to expose the maximum possible surface to com¬ 
bustion reactions. Mechanical spraying can be done by: (1) using 
pressurized air or steam to break up the oil, (2) forcing oil under pressure 
through small orifices, or (3) tearing oil film into tiny drops by centrifugal 
force. Steam- and air-atomizing burners are simple and relatively inex¬ 
pensive. Steam-atomizing burners can handle almost any fuel oil of 



Grourd ^ 

Fig. 6-13. Oil-burning system must store fuel, heat it to reduce viscosity, strain it to 
remove dirt, pump it to move it, and pressurize it for atomization in burner nozzle. 

any viscosity at any temperature. Compressed air is not widely used 
because of its cost. 

Figure 6-14 shows an internal-mixing type in which air or steam mixes 
with the oil before spraying into the furnace. The air or steam picks 
up oil to force the steam-oil or air-oil mixture through the nozzle. 

Figure 6-15 shows an external-mixing type of burner. Oil flows to the 
tip through the central annular passage. The screw spindle regulates 
the oil flow. Oil whirls out against a sprayer plate, to break up at 
right angles to the steam flow (or air flow) coming out behind it on the 
way into the furnace. The atomizing stream surrounds the oil passage 
and takes a whirling motion from the guiding vanes in the path. 

Steam for atomizing ranges from 1 to 5 per cent of steam generated, 
averaging about 2 per cent. Steam pressure at the burner must be 
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about 75 to 150 psig and oil pressure only about 10 to 15 psig. Atomiza¬ 
tion is usually best at one flow rate; so for major load changes on the boiler 
oil burners are cut into and out of service as needed. 

Forcing oil at pressures of 75 to 200 psig through small orifices gives 
good atomization. Disks placed near the nozzle give the oil a whirling 
motion before it passes through the orifice and helps form smaller drops, 
l^'igure 6-16 shows burner and pumping systems that have turndown 



Kid. 6-14. In internal-mixing steam-atomizing burner the oil and steam mix for 
litoiiiizing oil before entering furnace. 


ratios of over 1:15. The upper system uses a constant-differential valve 
and the lower system a constant-differential pump to hold a constant 
difference in pressure between oil supply and return. This holds a uni¬ 
form pressure drop across the tangential slots in the burner tip to develop 
uniform atomization at all oil-flow rates. The pump system has the 
following advantages: (1) no hot-oil return to storage tank or pump 


I'id. 6-15. In external-mixing burner oil and air meet at burner tip to atomize the oil 
pi'lor to burning in furnace. 

wucfion, (2) oil enters closed circuit at the same rate it burns, and (3) 
pump (;an boost pressure on existing oil-burner systems. 

Figure 6-17 shows a rotary-cup oil burner that turns at about 3,500 rpm. 
Oil pumped to the interior of the cup splashes on the inside surface. 
(Vul-rifugal force moves the oil in a thin film to the rim, where it flies 
ulT into the air stream discharged by the integral blower. High oil 
li'mpfU'atures must be avoided to prevent vaporization. The rotary^cup 
Imnier has turndown ratios of 1:16. 
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Fig. 6 - 16 . Wide-range burner tip, above, can be regulated by either constant-differ¬ 
ential valve or constant-differential pump to hold best atomizing pressure across 
supply and return. 


6-12. Gas-burning Systems. Natural gas is the easiest of all fuels 
to handle. Extensive pipe-transmission systems carry the gas from the 
oil and gas fields to the consumer. For long-distance lines spanning up 
to 2,000 miles the gas is compressed to about 1,000 psig, but for local 
distribution systems this pressure is throttled to 200 psig or less. At the 
power plant gas tapped from the main flows through a gas-metering 
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1 

OU* 


Fig. 6-17. Rotary-cup oil burner sprays oil on fast-turning cup to break up oil film at 
rim by centrifugal force. It mixes with secondary air spinning in opposite direction. 

house. The branch supply line entering the house terminates in a 
header. Two parallel metering lines tap the header, each line consisting 
of stop valves, regulators, and meters. They join to a single line leading 
to the boiler room. 

In the boiler room branch lines with 
metering orifices and pressure-regulating 
valves run to the individual burners in the 
boilers. Several burners serve each boiler to 
mix the gas with the proper amount of air. 

Figure 6-18 shows a center-diffusion tube 
design of gas ring using gas pressures of 2 to 
25 psig. This is a combination oil and gas 
burner. It has an annular manifold between 
the air register and the furnace wall surround¬ 
ing the burner opening. Orifices in the ring 
spray gas angularly across the incoming air 
stream controlled by the register. The mixed 
air and gas then enter the furnace to be 
heated to ignition by the flame and then burn. 

Only about 7 per cent excess air is needed to burn natural gas since it 
is in atomized form and has the maximum surface exposed for reaction 
with oxygen. The high hydrogen content of natural gas causes a high 
moisture loss to the vapor formed during combustion. This causes a 
lower boiler efficiency compared with other fuels with lower hydrogen con- 



Fig. 6-18. Combination oil 
and gas burner receives 
natural gas through ring at 
right. Gas jets into air 
stream flowing through ring 
on way into furnace at right. 
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tent. But natural gas is the preferred fuel wherever it can be obtained. 
Most plants buy gas on a “dump” basis. When the gas-supply system 
must take all the available ^as to feed higher-paying customers (usually 
domestic users), the gas is cut off on short notice to the power plant. 
The plant must then use an alternate fuel, usually oil, to meet its needs 
until the gas again becomes available. 


PROBLEMS 

6-1. Determine the energy used per day in kilowatthours to drive the pulverizer 
and fan feeding coal to a steam-generating unit based on the following data: 
Pulverizer and fan performance: 


Power input, kw 

- Coal output, lb per hr 

28.0 

4,000 

38.1 

7,000 

48.6 

10,000 

63.0 

14,000 

Steam-generator fuel-rate data; 


Table P-2 

Steam output, lb per hr Fuel rate, lb per hr 

160,000 

13,910 

140,000 

11,680 

120,000 

10,160 

100,000 

8,690 

80,000 

7,410 

60,000 

6,000 

Steam-generator load-curve data 
points): 

(corteider as straight lines between 

Table P-3 

. Time 

Output, lb per hr 

12:00 p.M. 

50,000 

7:00 A.M. 

50,000 

9:00 A.M. 

140,000 

5:00 p.M. 

140,000 

12:00 p.M. 

30,000 


6 - 2 . A circular oil tank 30 ft long with a 4.5-ft diameter is used for oil storage. 
Calculate the number of days’ oil supply the tank can hold for continuous operation 
at the following conditions: 

Steam flow, 2,100 lb per hr 
Steam, dry saturated at 200 psia 
Feedwater temperature, 230 F 
Boiler efficiency, 75.0 per cent 
Fuel oil. 34°API 


CHAPTER 7 



7-1. Steam Generation- Steam generators, also called boilers, perform 
OIK! of the major processes in a thermal-energy cycle: vaporizing water 
to steam. Steam may generate mechanical power or supply heat to a 
manufacturing process. The complex equipment in a steam generator 
evolved from the simple cauldron of Hero's engine of ancient history. 


Feed wafer ^ 

Hea^^g, 

Furnace 
Fuel burning 
equipment 


Steom 

generator 


Meat /generation 


1 


Boiler drums 
Boiler tubes 
Superheater 
Re heater 


► Steam 


Water walls 
Slag screens 
Floor tubes 
Economizer 
Air heater 


Auxiliaries accessories 


Fuel preparation 
Draff system 
Ash removal 
instrumentation^ etc. 


Fkj. 7-1. Graphic representation of a steam generator. All units have furnace and 
flinl-burning equipment. Some or all of the components for heat transfer are used in 
IIIiIIh of various designs. 


h'igure 7-1 outlines the components and essential functions of a steam 
gc'iierator; the latter center on heat generation and heat transfer. Chapters 
4 U) (1 discussed heat gen^ation with solid, liquid, and gas fuels in the 
furnace of a steam generator. Chapters 7 and 8 discuss the heat-transfer 
nnin|)()nents, auxiliaries, settings, ratings, performance, and operation 
of (Ju! steam generator. 

'rii(!rmodynamic and economic principles largely govern steam-genera- 
Inr dcHigri. Totally complete combustion and heat transfer cannot be 
JlINtifuid in practice. Theoretically, combustion gases may be cooled to 
tnin|)(!ratures of incoming feedwater, steam saturation temperature, or 
llicoining iiir depending on the heat-transfer components used. Eco- 
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nomics controls the extent to which the design may approach theoretical 
limits. 

For best cycle efficiency ^e should use the highest source temperature 
practically attainable. This controls partly the steam pressure and 
temperature selected. 

Heat transfer in a steam generator decreases the availabihty of the 
energy released in the furnace. Energy released at combustion tempera¬ 
tures up to 2800 F transfers to water at less than 705 F and steam at 
less than 1100 F. The metallurgical limits of steel prevent using work¬ 
ing temperatures much above HOOF; hence we must accept the large 
loss in availability in present-day steam generators. 

Steam generators transfer heat by radiation, conduction, and forced 
convection. Some components “see” the furnace flame, to receive heat 
mostly by radiation but also by conduction and forced convection. Other 
components depend on only conduction and convection. 

Efficiencies of steam generators vary widely with basic design and 
operating conditions. In the large units efficiencies higher than 90 per 
cent have been reported. 

The ASME Boiler Construction Code specifies the limits needed tor 
safe construction. The Code, originated in 1914, set up standards that 
must be met and formed the basis for legal requirements. The Code 
has sevci'al sections—Power Boilers; Material Specifications; Boilers of 
Locomotives; Low-pressure Heating Boilers; Unfired Pressure Vessels; 
Welding Qualifit;ations; Suggested Rules for Care of Power Balers. 
Periodic revisions keep the Code in step with modern needs—addenda 
sheets and interpretations are published as new situations arise. Most 
states accept the Code as law or as a basis for state boder laws. The 
ASME Test Code for Stationary *6team Generating Units outlines the 
precise methods to be used in making performance tests and determining 
heat-transfer surfaces. 

■ 7-2. Circulation Principles. The water within and the feedwater 
entering a steam generator circulate through given tubes in most units. 
This water vaporizes to steam bubbles, to leave as wet, dry, or super¬ 
heated steam for use in an engine or a heating process. 

Natural Circulation. Water circulates naturally in a boiler when its 
density in one part of a circuit is less than in another part at the same 
level. The boiler drums, tubes, and waterwalls make up the multi- 
passaged circuit. Figure 7-2 shows the natural circulation in simple 
drum and water-tube circuits. In Fig. 7-2a water near the drum interior 
surface becomes heated and forms steam bubbles, lowering its density. 
The water in the drum center, being heavier, displaces the lighter water- 
bubble mix and in turn becomes heated. This sets up a constant cir¬ 
culation that releases steam into the upper drum region. 
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In Fig. 7-25 the water from the drum flows down the downcomer tube 
to the bottom of the heated riser. Heat forms steam bubbles in the 
water passing through the riser, lowering the density of the mixture. 
The heavier downcomer water displaces the riser mixture to establish 
continuous circulation as long as heat enters the riser. 

The per cent of steam by weight at the riser top is called the top dry¬ 
ness; the reciprocal of this term is the circulation ratio. Natural cir¬ 
culation largely depends on the height of riser and downcomer and the 
mean density of the fluids in them. These depend on the steam pressure, 
dryness in the tubes, friction losses in tubes, entrance, exit, bends, and 
valves, and fluid acceleration. Fluid velocities in the tubes depend on 




7-2. (a) Steam formation in simple drum. Steam bubbles formed at heated 
durfiiee rise and are released to steam space. Heavier water displaces bubbles. (6) 
Hint pi water-tube circuit. Note steam-water mixture in heated riser of lesser density 
ill an water in unheated downcomer. Bubbles are released to steam space. 

tJlc balance between losses and accelerations on the one hand and the 
ttvailuble pressure difference in riser and downcomer on the other hand. 

l^'igure 7-3 shows that increasing boiler pressure lowers the pressure 
d life Fence of riser and downcomer. In Fig. 7-2 the steam breaks out of 
the water in the drum to accumulate in the vapor space and leave through 
llie Htcam nozzle. Entering feedwater equals the steam leaving and 
^Idn natural circulation. The water level in the drum remains fairly 
cnimliant when steam and feedwater flows are equal. 

l<'igiiro 7-4 shows the natural-circulation principle in a typical straight- 
(uhv and bent-tube boiler. Natural circulation has been largely used in 
boiloFM up to about 2,600 psi pressure and ordinarily produces enough 
Vnlooiliy for effective heat transfer. 
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Forced Circulation. Air heaters, economizers, superheaters, and 
reheaters normally use forced circulation. In boilers with steam drums 
a pump taking suction at fhe bottom of the downcomer and discharging 



Gage pressure, psi 


Fig. 7-3. Variation of saturated water and steam density with pressure* Note density 
in riser is between lines; exact value depends on average dryness in riser. 



(a) {h) 

Fig. 7-4. (a) Straight-tube boiler circuit. Basic idea of natural circulation applies, 
but downcomer tubes and rear header are not heated enough to cause steam formation, 
(b) Bent-tube boiler circuit. Circulation is more complex in multidrum boiler. 
Rear tubes act as downcomer to mud drum. Steam bubbles form in inclined tube 
banks. 

into the riser produces forced circulation. The assured velocity aids 
heat transfer and avoids burning out the tubes from overheating. 

In drumless steam generators the feedwater pump forces the water 
in at one end of a series of parallel tubes, exposed to the furnace and 
combustion gases, to emerge as superheated steam at the other end. 
This type of steam generator must be used near or above the critical 
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point (Fig. 7-3). Controlled forced circulation gives latitude in arranging 
tubes and drums. Orifices at the inlet end of paralleled riser tubes 
control flow distribution. 

Forced-circulation boilers use thin-walled tubes of smaller diameter, 
13^^ to \% in. These units reach operating conditions in a shorter 
time, they have about half the weight of steel, and a ruptured tube does 
not constitute so great a hazard. Pumping energy, sludging of small 
tubes, and investment in extra equipment may be a disadvantage. 
European plants have used forced circulation for many years—controlled- 
(iirculation units are now finding favor in the United States. 

The steam-water circulating rate must be proportioned to the heat 
transfer and gas flow to prevent overheating tube metal or to avoid 



Fig. 7-5. Simple baffling used for separation and drying. 

only partial vaporization. Too high a dryness ratio may overheat the 
tubes. Figure 4-10 shows that steam films have a higher resistance than 
water films, and so the intermediate metal temperature may rise too 
high and produce creep stressing and burnouts. 

1 Ji'sigoing boiler circulation depends on experience and empirical con- 
(U'pts combined with theory. Circulation ratios vary from about 6 to 
2it ll> water per pound steam; tube velocities vary from about 1 to 7 ft per 
Hccr, depending on tube inclination; vertical tubes use lower values. 

7-3. Steam Separation and Purification in Drums. Risers discharge 
II mixture of steam, water, foam, and some sludge to boiler drums. The 
H(,(5am must separate from the mixture before leaving the drum. Moisture 
in Hteam reduces superheat, corrodes the superheater, and damages the 
Hlcum turbine. The moisture droplets (carry-over) in steam contain 
dissolved salts irom the boiler water. When the droplets vaporize, the 
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salts deposit out in the superheater, turbine, valves, and traps. The 
droplets decrease heat transfer, turbine efficiency, and control. 

At pressures less than 300 f)sia the large difference in water and steam 
densities aids separation by gravity, provided that there is enough water- 
siirfae.e area for steam-bubble release. At elevated pressures mechanical 


Corrugated secondary 
scrubber or dfytng etemenfs 


Primary 
■ drying 
I eiernenfs 


Sfeam oufiet 

Separoted steam 


Cyctone | 
separators'I 



' dnd tenter 


Fm. 7-0. Cyclone sepiiratora in boiler dnini, stationary cylindrical cyclones J 

(•ent.rifiigal force to effect primary separation of steam-water mixture from ris . 
Primary^ drying elemeut-s precede secondary .scrubbers in steam-flow path leaving 
drum. ^ Single or double rows ot cyclones may be used. (Courtesy of The Babcock & 
Wilcox Company.) 


separators in the drum must be used, such as baffles or cyclones. 

are called drum internals; they control these sequential processes; 1 

primary separation of steam from water, (2) steam washing, and (3) 

steam drying. . w 

Primary separation removes the major part of the circulating wa er, 
foam, and sludge from the steam. In washing, the steam bubbles 
through incoming feedwater or passes through a spray of feedwater 
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(low solid ('ont('iit). Plus dilutes the moisture droplets still carried by 
I hr Mlenm. 1 )ry('rs iiu'clianically separate small droplets from large 
iiiMMMrM o)' (lowing std'Min. 

I'riiiiMfy Hopiuntion must be used in high-pressure boilers. Washing 
lutd mI-('MJu drying will hi; used to attain high purification when needed. 
I' iguiTM 7-A mid 7-h s1io\n' some types of separators and dryers. The drum 
liiI.ernniH mIjuuI in (Ju; drum above normal water level. Single-drum 
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f I Iilillhit) iImimi Iih||iii Niilr |j,;im-Mow path and simple boiler accessories. 


holhd^ ollidi Uw(' onh ni |iiMiHltin mimI diying. The steam may be sepa- 
hilid III oiih iImiim Mini mm^'Im i| mimI di ird in miother drum in multidrum 
I liMFin Hoiui'MiofM ip'i' M (A// ;il)ov(" the water-holding main 

iIihimm tih fiin (loio Ihn immIh ihiiinn (hiwii llirough it for drying on the 
MhI |u I hr nil |M I hniilt I , Mr<|iM i n I la I \Milri dm ins to the main drum. 

A liollni |m I It lining n hnii II Iimm Imgr iiMioiiids of carry-over, often 

hMu^id Im loo ... ... wnlrr,|„,.,lil,y may cause foaming 

mid mi linui'in'it in rmiyo\i'i I'oMming |•(‘du^(‘s the effectiveness of 
iliiiin Inh Hnd'y lliln m Idtini ornim willi niodnn Iimm I water conditioning. 

I MM/oiHMiM oi /M MMt/n irnnu rs hoilm* water from the unit 

Mini lowi in ihc I'oilm nnlrr iinpiinl ins. Sui fina' blowdown removes 
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scum from the water surface. Bottom blowdown removes sludge and 
dissolved solids. 

7-4, Water-tube Steam Gjenerators, These units are universally used 
in tlie larger capacities. Water flows inside tubes and drums and 
re(;(MV(^s licat by radiation and conduction from the furnace and com¬ 
bustion gases flowing over the tube surfaces. Positive fluid circulation 
assiii'es good heat transfer and enables building large-capacity units. 
'rul)(‘s and drums smaller than in fire-tube units (Sec. 7-5) make high 


Fm. 7-8. Cross-drum boiler. Note relatively lower headroom and baffling to create a 
three-pass boiler. {Courtesy of The Babcock cb Wilcox Company.) 


steam pressures feasible. Tubes, external to the drums, can be placed 
for best heat absorption. Scale and deposits can be removed more 
easily from inside tubes than from the outside. Water-tube boilers may 
be classified in several ways: (1) straight or bent tube; (2) longitudinal 
or cross drum; (3) sectional or box header; (4) one or more drums; 
(5) cross or parallel baffles; and (6) horizontal, vertical, or inclined tubes. 

Straight-tube Units. Figure 7-7 shows a longitudinal-drum boiler 
with a simple hand-fired grate and superheater tubes. Headers connect 
to the drum bottom at each end. In simplest form these headers consist 
of narrow steel boxes. Inclined tubes in parallel (;onri(H;t the two headers. 
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the water hwel stands normally at about drum center. Combustion 
y,(oi (InwM over i\u) tubes in several passes formed by baffles and dis- 
I'ltarM,ea In tli(‘ sta,(^k. 

I h'liMer dniiu wat,(‘r flows down the downcomer to displace the lighter 
III el III the tubes partly evaporating to steam bubbles. A mixture of 


\\iilei iiimI HleiiiM bill)bl(*s flows up 
lliioiipji the ri^^erH into the drum, 
vHieie I lie eliaiiii Hepa.rales from the 
milei ( Miler boilers liav(i the 
ilouiii oniei mid I ii'iei JIM box h<‘a<l(M’s 
I lull liiilol bi' hliiyed iiilenuilly t.o 
pil l I III I iipl me 

I'l4me t fl 'll town II eross-( Iru 111 

bttlli i ^vidt .‘ii r bean/ lieiider.M. The 
dimii etl'-' 'ImidH at iiM,lil angles to 
I III’ I nbi n M'd I'iaeli 11| t he Her* 
i lined lieiidei >, iiiiide ol iiid I id Illi I 
hO el ^n•mldl •"! boN ||eiii|eiM, ral l ies 
Mile III I e O 1 II I || 'll I I OW "I III I III in I 
Ml e hIimiiiMh KliMpi' ol ! ill I lie lieadeln 
hi III pie'll InliM In Mil \ el 

Um\ diii iM ‘III I bilidiml. in I he 

np)Mi"Me I aeli Inbi |iIm 
liil lube eleaninii and 

j^iii^#inhi|l 

riiN iiiiiiM) I inlim a a I el 1 1 ■ nii Mie 
Mtl^t Hmmh Mil MI|||| I hi I I n I nbi " 

tM dliiJiNtiN jnlii the di nm I hi" 
ImiIImI lni« M IlMielln^ glah Intel 
hmii alilidi Mie ei nnbie l li ai lo).. 
MiiHH llilMll^h Mie Mnee pa ' e > 

I' 1^ III e i II >diM a laie m| | la 

eiO I li I I h I I 1 1 lie a h tiea I Ini e< i il I ha 

-iMiple I I 11 ^ dl n III III 1 1 lei b II pn I 

1 I I Ml 1 1 ena I h I 111)1 r'lli' h bi H lei e 



I I" I a SI III |a III il III III ri I Min I h'lmi Mec'lioti- 

‘il I.. I .1 li'i ii)f;i I III 1 11).’I iir-rn I );i r j I y iiiiiis. 

I'l.'iini itilii MU' r;i|i;irib\ 17 r>,(M)() II) per 

III, . . iss |M-ii, nlr;uti liaiipeniture 

i-in I', Mini linilrr niirfjie(' 11,‘180 sq ft. 
\< b>iir/tu*it of ('onihiis/ion B fujineering 
( 'nut jum fj^ I tn .) 


I H M III pM " 'M M ‘' n P I 11 I , M M I I e IM, 

Ihtif Oi/i. / mbi then' iiiiil^i hii\'e several driiins connected by bent 
inbcH tliMilnalnip hnideie tediiees th(' maintenance costs and the 
hmi!llnt)i nl lai|,)e mini belli of handhole caps and gaskets. Tubes are 
ell iOM d hum iiinide I he drninri, jiiid only oin^ or two manholes need be 

I.‘ I'd IiiimI Meade llent lubes e;m b(‘;ii‘r;mg('d in a variety of ways 

III lie-. ..I eiieulalmn (t'lg. 7-10). I )i-i(‘r sl,<‘ain can be obtained by 

I II Imi| il linMi I he tear drum, This ty|><‘ also Inis wjit(‘r-(a>oled walls. 
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Figure 7-11 shows a low-headroom boiler; water circulates from the 
uppermost drum down to the lower drum, up to the intermediate water 
drum, and across to the uppfer drum. Baffles direct the gas flow through 
three passes. 

Early water-cooled-wall tubes were independent of the main boiler 
tube circuit. Modern design treats all tubes as a unit; Fig. 7-12 shows 
one form called an integral-furnace steam generator. 

Waterwalls fitted to Stirling boilers allow higher combustion rates 
and increased capacity. Waterwalls replace refractory walls, which 


Cross Over Tubes 



Fig. 7-10. Simple multidrum bent-tube boiler. Commonly called a Stirling boiler. 
(Courtesy of Murray Iron Works Company,) 

limited firing rates. Figure 7-13 shows a bent-tube boiler with water- 
walls, an extension of the unit in Fig. 7-10. Feedwater enters the rear 
drum of the three upper steam-and-water drums. Denser drum water 
circulates down the rear tube bank to the low mud drum and then up 
both the center and front tube banks to the upper drums. Baffling 
leads the combustion gas into intimate contact with the tubes. 

Steam generators of this type for high-pressure and -temperature 
service must meet specific conditions and are “tailor-made.” While 
details vary from unit to unit, the boiler convection surface is a small 
percentage of the total, which includes waterwall, superheater, air heater, 
and economizer surfaces. Some radiant designs have no convection 
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surface; the waterwall surface allows high heat-transfer rates in the 
radiant zones. As steam temperatures increase, the superheater has an 
increasing percentage of the total surface. Air heaters and economizers 
cool combustion gases to develop over-all high efficiency. 

Natural-circulation units must have considerable height to ensure 
positive steam-water flow. Suspending these units from steelwork 
allows them to expand downward as they heat up. Figures 7-14 to 7-16 
show a variety of modern large steam generators. Steam pressures range 
from 900 to 2400 psig and temperatures from 800 to 1100 F. 


I'Ui, 7-11. Three-drum bent-tube unit for low headroom. Short rear tubes connect 
Htciiiii drum and mud drum. A, steam and water drum; B, baffle; C, water drum; 
/), mud drum. (Courtesy of Combustion Engineering Companyj Inc.) 

7-6. Fire-tube Boilers. Most small boilers use the type of construc- 
lilon in which the combustion gases pass through interiors of tubes sub¬ 
merged in the water to be heated. The furnace may be separate or 
bdilt into the boiler shell (see Fig. 7-2a). 

l''ir(^-tube boilers may be classed as: (1) externally or internally fired, 
(If) i.lirough or return-tube type, and (3) horizontal, vertical or inclined. 

l*’iguro 7-17 shows a horizontal-return tubular (HUT) fire-tube boiler, 
liilllf for steam pressures up to 250 psig with a maximum of about 4,000 sq 
liciil/itig surface. The boiler has a horizontal drum on top of a furnace 
nuiToimded by a refractory setting. Gases rising from the fuel bed 
till Uio grates flows under the drum and around the protecting pier to 
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enter the fire tubes piercing the drum. The gases give up most of their 
heat in flowing to the smokebox at the boiler front. 

The drum holds enough water to cover all the tube exteriors. Heating 
the water forms steam bubbles on the tube surfaces that rise and induce 
a circulating flow inside the drum over the tubes. Feedwater enters 
the drum to replace the steam leaving at the top, where the steam col¬ 
lects as the bubbles burst through the water surface. 


Fig. 7-12. Standardized steam-generating unit of integral-furnace type. Capacities 
of 30,000 to 350,000 lb per hr; pressures to 1,000 psi; suitable for pulverized-coal, 
stoker, oil, or gas firing. A, superheater; B, burners; C, baffles; />, floor tubes; E, 
superheated steam header; F, damper. (Courtesy of Combustion Engitieering Com¬ 
pany, Inc.) 

Doors in the front of the smokebox give access to the tubes for clean¬ 
ing. Either structural steel or the refractory furnace setting supports 
the drum. Scale deposits on the water side of the tubes cannot be 
easily cleaned off. 

Other designs of fire-tube boilers include: (1) simple vertical boiler 
(2) two-pass boilers, (3) Scotch marine boilers, and (4) locomotive type 
boilers. The simple vertical boiler is an HRT set on end with the furnace 
underneath. A two-pass boiler has the gases first flowing through a 
lower set of tubes in the drum and then returning for a second pass 
through a higher set of tubes. Scotch marine boilers have a metal- 
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walled furnace built into the drum along with the Are tubes. Locomotive 
boilers have a firebox forming one end of the drum. 

Modern fire-tube boilers include the packaged boiler built for pressures 
up to 250 psig and capacities up to 600 hp. These self-contained units 
have fans, feed pump, furnace, drum, and automatic controls all mounted 
on a single base (Fig. 7-18). The furnace resembles that of a Scotch 
marine boiler but has three or four gas passes through the drum. The 
iiu^chanical-draft fans overcome the friction losses induced by the long 



li'iii. 7-13. Water-tube walls adapted to Stirling boiler. Capacity 250,000 lb per hr, 
050 imia, 750-F superheater outlet. (Courtesy of The Babcock & Wilcox Company.) 

mullipass gas circuit. The hinged back can be swung open to work on the 
roiir Uibe sheet. 

7-6. Steam-generator Accessories. These units need equipment for 
odiMHiate control and operation, such as: 

Water-level Gauges. These indicate the water level in drums. Low- 
|in'HM!irc boilers use simple tubular glasses (Fig. 7-8). Higher pressures 
hoed more sturdy construction, which uses flat glass plates in metal 
lioiiHirigs. For remote observation optical systems with periscopic 
liiliTorH, electric transmission, and television methods may be used. 

Safety Valves. These valves are loaded by springs and other methods 
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to automatically relieve overpressures in the drum, superheater, and 
reheater. Superheater relief valves are set to open before drum relief 
valves to keep steam flowing through the superheater and so prevent 
tube burnouts. 


M I 

Fig. 7“14. Typiciii cyclane^arnaee-firod radiant reheat boilei- for a central station. 
Capacity 2,100,000 Ib per hr, design pressure 2,7{H) psi, superheater outlet pressure 
2,450 psi, high“pressure steam ternpei^ature 1050 F, reheat steam temperature JOOO F. 
*4, cyclone furnace; reheat superheater; C, primary superheater; reheat super- 
tieater; primary superheater; F, secondary superheater; secondary superheater; 

air heater; /, induced-draft fan; precipitators; X, forced-draft fan; L, gas- 
recirculating fan; secondary-air ducts; iV, downcomers; fJ, coal bunker; P, gas- 
recirculating duct; Q, stack; economizer; attemperator piping; 7', feeder, 
(Courtesy of The Babcock & Wilcox Company.) 

Soot Blowers. Pipe and nozzle systems blow jets of air or steam over 
the fire sides of heat-transfer surfaces to remove soot and ash deposits. 
Retractable systems that can completely withdraw from the; boilt^r 
passes and furnace prove to need less maintenance. 

Feedwater Regulators. These controls hold drum water level bctwecui 
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7-15. Typical separated furnace, natural-circulation differential fire-controlled 
n-lii’Mt steam generator for a central station. Above is the reheat furnace, and the 

..panion furnace (not shown) is the superheat furnace in which the convection 

Miipn lieater replaces the reheater G. Capacity 1,850,000 lb per hr, pressure 2,150 psi 
III sup<;rheater outlet, 1010 F primary steam temperature, 1010 F reheat temperature. 

I, coal bunker; B, ball-mill pulverizer; C, burners; D, regenerative air heater; Ej 
cent lot nizer; F, waterwall surface; G, reheater; H, superheat-control condenser; /, 
nli'n.in drum and internals; J, superheat-control condenser; Kj radiant superheater; 
/,. wjiterwalls. (Cour 'esy of Foster Wheeler Corporation.) 

Miilr limits during constant and varying loads. They must compensate 
lor (Jie change in total boiler water with load; a higher percentage of 
rdra in bubbles at high steaming rates reduces the amount of water needed 
ill llui boiler and tends to raise the drum water level. 

Blowdown Valves. Valves in the lines connected to the lowest part of 
I be boiler water (urcuit drains off water containing solids under full boiler 
pressure. Lines placcal at water level skim off any foam, controlled 
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Fii;. 7-16* Ty[)iiAl tAviri^furQao^? eoiitrolletl“(‘inuiIation central-station st^ani gc^iieriitDr* 
Capacity 1,800,000 lb per hr, pressure 2,100 psi, temperature 1050 F, reheat tempera¬ 
ture 1050 F, height 160 ft, twin-furnace volume 149,000 cu ft, fuel consumption 2,940 
tons per day. A, pulverizers; B, tilting tangential burners (one per corner with eight 
coal nozzles each); C, furnace (reheat side); Z), furnace (superheat side); B, reheater, 
low-temperature stage (channel); F, reheater, intermediate stage (pendent); O, 
reheater, high-temperature stage (pendent); H, superheater, low-temperature stage; 
(three banks); /, economizer; J, Ljungstrom air preheater; K, f-d fan; L, coal bunker; 
M, circulating pumps; N, superheater, low-temperature stage (channel); O, steam drum. 
{Courtesy of Combustion Engineering Company^ Inc.) 


Television. Closed-circuit television systems allow remote viewing 
of water-level gauges, smoke discharges from stacks, and flame conditions 
in furnaces. Viewing screens are mounted in central control rooms. 

7-7. Advanced Designs. The modern need for high efficiency and the 
ability to burn low-grade fuels, reducing the amount of high-cost mat-c- 


by surface blowdown valves. Blowdown water drains to a blowoff tank 
for cooling. Water drains to waste, later at atmospheric pressure. 
Blowdown removes salts that accumulate in the boiler water and are 
carried in by the steady flow of feedwater. The salts are left behind 
as the water evaporates. 
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I’k;. 7-17. Horizontal-return tubular boilers (HRT) are commonest of fire-tube types. 
( !m,s flows along the bottom of the shell to the rear and then forward through the fire 
l ubes to a smokebox at the front. 



ktd 7-IS. Typical modern self-contained fire-tube boiler. Note the four-pass con- 
Hiiiielion (otui through furnace, three through tubes) and accessibility through front 
III id niir iiitigcal doors. Designed for oil or oil-gas combination firing. {Courtesy of 
< 'Imvn -Hrooks Company.) 
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rial, has led to designing steam generators here and abroad that differ 
from past conventional practice. Features that make these units 
different include: i 

Forced circulation 

Small tubes 

Lack of drums 

Pressurized combustion 

Multiple-tube circuits 

Extreme compactness and low weight 

Figure 7-19 shows the features of the principal boiler types. 

La Mont Boiler. This forced-circulation unit uses small-diameter 
tubes in the evaporating section. This gives flexibility in placing the 
heat-transfer surface for best advantage. The drum may be placed 
well away from the furnace to ease the design problem. The small tubes 
give a unit with high specific output which can be used for high or low 
pressures. This type of unit finds increasing acceptance in the United 
States as the controlled-circulation boiler. 

Loeffler Boiler. Feedwater passes through an economizer on its way 
to a drum external to the ‘furnace. Superheated steam mixing with the 
drum water evaporates it to saturated steam. The saturated steam 
flows through radiant and convection superheaters. About two-thirds 
of the superheated steam returns to the drum, and one-third leaves as 
the steam-generator output. A steam-circulating pump forces the 
saturated steam through the superheater. Pressures about 2,000 psig 
make this boiler economical, and only small-bore tubes need be used in the 
superheater radiant section, Theee units can handle drum salt con¬ 
centrations as high as 8,000 ppm without trouble. 

Benson Boiler. This drumless once-through boiler takes boiler feed- 
water in at one end and discharges it as superheated steam at the other. 
In Fig. 7-19 feedwater flows through the radiant parallel-tube section T to 
evaporate partly. The steam-bubble-water mixture then flows through 
the lower-temperature transition section TS to evaporate completely. 
The steam flows through the higher-temperature superheater before 
leaving the unit. This lightweight boiler can be started in about 15 min 
and is designed for pressures of 400 to 3,500 psig. 

Schmidt-Hartmann Boiler. This multiple-circuit boiler mitigates 
feedwater troubles. A feed pump supplies water to a drum that dis¬ 
charges saturated steam to a superheater and then to the load. A closed 
secondary circuit heated by the furnace resembles a sectional header 
boiler. This section supplies the heated vapor in a coil to evaporate 
the main feedwater. The boiler performs well in producing dry steam 
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TF’ feed pump 
WC-water circulating pump 
D " drum 
E - economizer 

"Steam circulating pump 
tt:) “ convection superheater 
R3-radiant superheater 


T- tube evaporating sections 
0 - steam to service 
WS-steam separating section 
TS - transition section 
AC - air compressor 
GT- gas turbine 


steam 
water 
flue gas 
air 


7-11). Diagrammatic representation of various special boiler designs. La Mont 
flMd Hvhhou principles are finding present-day use in controlled-circulation and super- 
lUil leal boilers. 
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which eliminates carry-over. The boilers are built for pressures ranging 
from 500 to 1,800 psig. 

Velox Boiler. The pressurized combustion chamber (furnace) of this 
boiler uses low excess air and has high heat-transfer rates. The furnace 
runs at about 35 psig pressure; the combustion gases after heating the 
water and steam pass through a gas turbine to atmosphere. The gas 
turbine drives the axial-flow compressor that raises incoming combustion 
air from atmospheric to the furnace pressure. This compact unit 
develops high efficiency and is built for pressures ranging from 200 to 
1,200 psig and 950 F. 

Ramsin Boiler. This Russian once-through boiler has inclined coils T 
arranged in spiral form; 40 coils are paralleled around the furnace. 
Steam generated in the headers flows into headers and then to the super¬ 
heater. The boilers work at various pressures and are built of stand¬ 
ardized parts. 

The supercritical-pressure boilers now being built in the United States 
use the once-through principle; these will be discussed in Chap. 20. 

7-8, Furnace Design. Furnace design depends on the steam-generator 
operating conditions, heat-transfer principles, combustion process, 
available materials, and empirical, or experience, factors. Furnace 
volume and the proportions selected are fixed by: (1) the type of fuel; 
(2) steam capacity and conditions—maximum load, load range, pressures, 
and temperatures; (3) per cent of heat recovery that proves economical; 
(4) type of firing; (5) excess air; (6) flange length; (7) ash-fusion tempera¬ 
ture; (8) stoker or grate area; and (9) furnace-wall and arch constructions. 

The following relations fix the primary factors of the furnace: 

wf X HHV Xvg ^ Ah 

where wp = fuel firing rate, lb per hr 

HHV = fuel heating value, Btu per lb 

Vo ~ over-all steam-generator gross efficiency, fraction 

'LWs Ah = total heat transfer to cycle fluid in steam generator 
superheater, economizer, reheater), Btu per hr 
This equation must use an estimated efficiency that depends 
amount of heat recovery in the unit. 

Furnace volume partly controls the furnace heat-release rate, 

Hpy = Wp X y 

where Hr^ = furnace heat-release rate, Btu per cu ft-hr 
V = furnace volume, cu ft 
The heat-release rates chosen by the designer depend on the fuels and 
previous experience with those fuels in existing furnaces of similar type 


(7-1) 

(boiler, 
on the 

(7-2) 
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Table 7-1. Furnace Heat-release Rates 


Fuel 

Type of firing 

Hrvj Btu per cu ft-hr 

Coal 

Stationary grate 

40,000-50,000 

Coal 

Stoker 

15,000-50,000 

Coal 

Pulverized 

15,000-45,000 

Oil or gas 

Burner 

15,000-50,000 


(Table 7-1). The heat-release rates used also depend on whether the 
furnace has air- or water-cooled walls. 

The heat release in terms of heat-transfer surface also controls furnace 
proportion, 

HHV 

= wfX —2— (7-3) 

Ap 

wliere HRa = heat-release rate, Btu per sq ft-hr 

Ap = area of projected furnace envelope, sq ft 
I ypical values vary around 80,000 to 90,000 Btu per sq ft-hr for a furnace 
with radiant flames. This ratio is more significant than the volumetric 
li(iat release [Eq. (7-2)]. 

For stokers and grates: 

Wp = A X Cr I (7-4) 

where A = projected grate or stoker area, sq ft 
Cr = combustion rate, lb fuel per sq ft-hr 
I fie value of the combustion rate varies with type and size of coal, furnace 
draft, and type of stoker or grate. This equation gives the plan area 
for stoker-fired furnaces; knowing the volume from Eq. (7-2), the designer 
can approximate the dimensions. These may be modified by circulation 
IKHids in the boiler and the placement of arches in the furnace to control 
iiorubustion. In pulverized-coal-, oil-, and gas-fired furnaces the boiler 
elnnilation needs determine the furnace height, and the plan area can 
bo iound with the aid of Eq. (7-2). The type of burner may modify 
the furnace cross-sectional area. 

7-9. Fumace Cons true tion. Smaller boilers use solid refractory walls, 
bu|. they will be air-cooled in larger units. Larger central-station type 
boilrrs have water-cooled furnaces that absorb up to CO per cent of the 
hvnl ti-ansferred. The waterwalls of modern boilers may contain all 
liwlr evaporating capacity. 

Simple furnace walls have an interior face of refractory firebrick, an 
Ihit^rmediate layer of insulation with the exterior casing made of sheet 
Mielal. Refractory may be in several forms: brick or cast or built-up 
inoiiolithic covering. Refractory niateml contains about 40 per cent 
ttinmilium oxide (ALOa), 55 per cent silica (SiOa), and 5 per cent other 
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oxides as impurities. Fusion temperatures of refractories vary from 
2700 to 3600 F and limit the maximum fire temperature that may be 
used. Insulating materia^ as bricks or fill may be asbestos, 85 per cent 
magnesia, rock wool, diatomaceous earth, or any mixture of these. 


Supporting fertge 

I 

i 

S' 


Fig. 7-20. One of many types of sectionally supported air-eoolcd walls. 

Insulating layers reduce heat loss from the furnace but raise the refrao^ 
tory temperatures. 

Low self-bearing walls need no steel support, but higher walls do. 
Steel ledges or hangers supported on steel columns or beams hold wall 
sections. Figure 7-20 shows a sectionally supported wall, the usual 
way also to build furnace arches. 

Waterwalls have vertical tubes connecting lower and upper hcadem, 


Verficaf 


Air flow 
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which connect into the boiler circulation system. Furnaces may be 
totally or partly water-cooled. Figure 7-21 shows a series of waterwall 
arrangements, tube spacing, studs, and fins affect the heat transfer, 
wall slagging conditions, and furnace temperature. 



K-20 insulating concrete 
Expanded metal lath 
High temp, plastic insulation 
85% magnesia block 
Lacing wire 
Cosing 


Close-spaced tubes 



- K-20 insulating concrete 

- Expanded metal lath 




j-m, centers; monolithic wall construction 


Furnace 


Pressure 

tight 

weld 



Refractory 
material 


Insulation 


on 3-in. 

centers: presently standard pressure 
cosing construction 


Touching tubes Pressure casing constructions 

7-21. Several designs of water-tube walls. (Courtesy of The Babcock & Wilcox 
( ompany.) 


Steel plate or aluminum may be used for boiler casings. Pressurized 
liirnaces have welded casings to make them gastight. A recent design 
us(!s a welded casing in contact with the wall tubes and backed up with 
insulation and an outer covering. 
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7-10- Fumace Bottoms and Refuse Removals A stoker-fired furnace 
has the stoker as the major part of its bottom. A dump plate or ashpit 
occupies the remaining space. The smaller underfeed units have dump 
plates to receive the ash from the stoker extension grate. The larger 
units have ashpits at the tail of the extension grate. 

In normal operation the ash build.s up to a horizontal level at the 
stoker rear end. Clinker grinders extending the width of the stoker 
at the bottom of the ashpit control the depth of the ash. The grinder 
runs at intervals to break up large clinkers and pass the ash to a hopper 
or trough below. Water sprays usually cool the ash before it contacts 

the rolls. _ • i, r 

All sizes of traveling-grate stokers have ashpits to receive the retuse 

dropping off the stoker rear. Grinders keep the ashpit level well below 
the stoker. ’ 

Pulverized-coal furnaces have either wet or dry bottoms. Ash irom 
the fire settles down to the dry-bottom furnace in granular form. Fur¬ 
nace proportions ensure that the ash will be cooled to a solid before it 
falls into the hopper bottom. A water screen made up of widely spaced 
tubes prevents the full furnace radiation from melting the ash in the dry- 
bottom hopper. These tubes connect, into the watcrwall system. The 
ash falls between these tubes and is rmnoved once a day or oftener. 

In the wet-bottom furnace the furnace heat keeps the ash falling to and 
on the bottom in a molten state. The liquid ash drains through a hole to 
an exterior water-cooled pit. Wet bottoms find most acceptance today. 

7-11. Steam-generator Ratings. Several methods are used to rate 
boilers; the smaller ones are specified in boiler horsepower, 

, , , , heat-transfer area 

Rated boiler hp = - 


This term stems from an older day when reciprocating engines at the 
prevailing pressures developed about 1 hp for each 10 sq ft iu the boiler 
supplying the steam. This practice has been superseded by giving 
boiler heat-transfer surface dhectly in square feet. Either total or 
itemized areas for the individual components, such as boiler tubes, 
waterwalls, superheater, economizer, and air, may be specific. 

Older rating methods, slowly disappearing, were figured as 


Operating boiler hp 
Per cent rating 
Equivalent evaporation, lb per hr 


Btu per hr heat transfer 
33,500 

operating boiler hp 
rated boiler hp 
heat transfer, Btu p er hr 
970 


(7-6) 

(7-7) 

(7-8) 


These terms still apply to small boilers as standard practice. 
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Modern steam generators use the following methods of rating: 
Steam generation 


Heat transfer 
kw rating 


lb steam per hr with given steam pressure and tem¬ 
perature and feedwater temperature 
kilo (1000) or mega (1,000,000) Btu per hr 
steam generation at rated capacity, lb per hr 
over-all station steam rate, lb per kwhr 


The first expression is standard practice; the second is recommended 
by the ASME Standards Committee. The last has most practical use in 
figuring a plant or unit capacity for a central-station system. 



Steam Generating Unit Output - Billions of Btu/hr 

Fig. 7-22. Typical comparison of efficiencies of steam generators for units with and 
without extended heat-recovery surface. 


Most boilers have both a continuous and a limited time peak rating. 
They can be overloaded by about 10 per cent for intervals of 1 to 4 hr 
depending on the fuel-ash characteristics. 

7-12. Performance Characteristics. The range of losses in a steam¬ 
generating unit is outlined in Sec. 2-9. The losses depend on both the 
design of the unit and the rate of steam generation. Figure 7-22 shows 
the efficiency curves of two steam-generating units, one with 150,000 lb 
per hr steam capacity and having no waterwalls, economizer, or air 
heater, the other, a large unit, with 650,000 lb per hr steam capacity 
having complete waterwall cooling, economizer, and air heater. The 
(comparison of the two curves shows the combined effect of size and use 
of heat-recovery components. The smaller boiler, despite the low 
(efficiency, is of good design and more suitable for given conditions, all 
factors considered. 

The operator's skill largely controls the operating efficiency of a 
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Fig. 7-23. Typical effect of changing fuels in a steam generator. 
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Fig. 7-24. Steam-generator losses and efficiencies (1,400 psia, 900-F steam, 300-F feed- 
water, 400,000 lb per hr, pulverized coal). 
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Bteam generator. Careless supervision may easily lower efficiency as 
much as 5 per cent. Heat-transfer surface fouling and too much excess 
air quickly reduce operating efficiency. Boiler, superheater, economizer, 
and air-heater surfaces must be 
cleaned at proper intervals. 

The fuel type also controls boiler 
efficiency. Figure 7-23 compares 
the performance in burning bitu¬ 
minous coal, oil, or natural gas in 
the steam generator. The high 
hydrogen content of oil causes a 
higher water-vapor loss in the com¬ 
bustion gases and so reduces effi¬ 
ciency below that of coal. Gas 
huPfers for the same reason and in 
addition transfers less heat because 
of its relatively nonluminous flame. 

Hcilecting a fuel depends principally 
on its availability and cost. 
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Fig. 7-26. Steam-generator pressure and 
tlnil't variations. 


Fig. 7-26. Steam-generator steam-, 
water-, and gas-temperature variation. 


l^’igures 7-24 to 7-2G give the complete performance of a steam genera¬ 
tor, In addition to the efficiency, heat losses, drafts, and temperatures 
given in these figures the heat-release rates, excess air, and other factors 
nuiy be plotted. These curves apply to a 400,000 lb per hr unit. 
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Combustion losses due to carbon monoxide are low or negligible, while 
the other heat-loss items vary slightly. The dry-gas loss increases with 
load owing to higher gas-exit temperatures and greater gas flows. The 
greater gas and air liow^s with increasing loads are reflected in the draft 
curves of Fig. 7-25. These indicate the increased losses with load 
increase as more air and gas flow through the resistance offered in the 
settings and heat-transfer surfaces, as in the economizer and air heater. 
In nonpressurized furnaces, furnace pressure stays slightly below 
atmospheric to prevent gas leakage through the casing. 

The temperatures of air, gas, and water increase with load and fuel 
firing rate. Inlet air and leaving steam stay fairly constant. 

PROBLEMS 

7 - 1 . A 78-in. HRT boiler is 14 ft long and has one hundred and twelve 3M-in. tubes. 
Calculate the total heating surface and the rated boiler horsepower. 

7 - 2 . A boiler has an effective heating surface of 1,650 sq ft. It has a capacity of 
15,000 lb per hr on 280-r feedwater and 250 psia steam at 480 F. 

Calculate: 

a. Manufacturer’s rated horsepower 

b. Operating boiler horsepower 

c. Percentage rating 

d. Equivalent evaporation 

7 - 3 . The following data were obtained from a boiler test: 

Heating surface, 15,200 sq ft 
Steam pressure, 200 psig 
Steam temperature, 500 F 
Feedwater temperature, 230 F 
Total feedwater, 850,000 lb 
Time of test, 12 hr » 

Calculate; 

a. Rated boiler horsepower 

h. Operating boiler horsepower 

c. Percentage rating 

d. Eciuivalent evaporation 

7-4, A 150,000-kw turbine uses 0.85 lb of sWain per kilowatthour. Initial steam 
pressure is 360 paia and 700 F with feedwater at 278 F. Specify the following; 

a. Maximum continuous capacity of boiler to supply this steam 

b. Maximum 2-hr capacity if an overload of 10 per cent with a 15 per cent increase 
in turbine steam rate occurs 

7 - 6 . A gas-fired boiler delivers 300 lb of steam per hour of 95 per cent quality. 
Calculate the boiler horsepower and over-all efficiency for the following conditions: 

Feedwater temperature, 60 F 
Steam pressure, 50 psia 
Barometric pressure, 30.2 in. Hg 
Gas pressure, 4 in. H 2 O 
Gas temperature, 90 F 
Gas consumption, 920 cu ft per hr 

Heating value of gas, 540 Btu per cu ft at 60 F and 30.0 in. Hg 
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7-6. .4 steam-generating unit consisting of an economizer, a boiler, and a super- 
receives 100,000 lb of water per hour at 750 psia and 260 F. Steam leaves 
the Hui>erheater at 650 psia and 600 F. ITie coal as fired has a heating value of 
12,500 Btu per lb. Calculate the number of long tons fired per hour for a gross 
elhcieiicy of 85.0 per cent. 

7 - 7 . The No. 5 boiler of the Ford Motor Company at River Rouge has a volume 
of ;10,000 cu ft and is designed for a heat-release rate of 34,000 Btu per cu ft-hr when 
dniivering 900,000 lb of steam per hour. Test data are as follows: 

Evaporation, 901,000 lb per hr 
Steam pressure, 1,329 psig 
Steam temperature, 914 F 
Feedwater temperature, 488 F 
Over-all eflSciency, 87.1 per cent 
Heat value of coal, 13,810 Btu per lb 

Compare the design and test values of the heat-release rates. 

7 - 8 . A furnace is to be designed for the following conditions: 

Steam capacity maximum, 120,000 lb per hr 

Over-all efficiency, 81.0 per cent 

Steam pressure, 200 psia 

Steam temperature, 420 F 

Feedwater temperature, 210 F 

Stoker projected grate surface, 300 sq ft 

Delormine the furnace height for a heat liberation not to exceed 40,000 Btu per 
ft-lir. 

7 - 9 . A (!oal has the following analysis: 

C = 77.0 A = 1.0 A = 4.0 

H = 3.0 aST = 2.0 IF = 5.0 

0 = 8.0 

|| Im lined uitder a boiler to generate 250 psia dry steam from feedwater at 190 F. 
If Ihi* Imilc^r efficiency is 75.0 per cent, calculate the pounds of steam produced per 

PHHIiil of 

T-IO. A HHHit) boiler operates at 200 per cent rating. Steam pressure is 250 psia 
glUl nOO I' with feedwater at 250 F. Feedwater contains 8 grains per gal of salts. 
Tin* lioiler-wider concentration is to be held to 150 grains per gal. Estimate the 
HHIII'ly blii\V{(fl' in gnUons. 

7 11, A coiH i-nllt^d-i^iroulation unit deliva s 350,(KW lb of steam per hour at 720 psia 
m\A tm I ' Downromers are 80 ft high, and a pressure drop of 60 psi occurs in the 
nupi^ilnmlrr ^ Tisi* circulating pump shows a discharge pressure of 873 psia at an 
MUr h'in^ nf 72 per ceuL and is operated at a circulation ratio of 4.5:1. 

I'tMliindn the t‘ncrgy characteristic of the pump in; 

I* llhi \ii r fjonrid of cin^ulated water 

Ihirnepower 

7^ill I )ut*a from a largo twin-furnace public-utility steam generator are as follows: 

Hteam output, 1,850,000 lb per hr, 2,150 psia, 1010 F 
l*’(ied water, 475 F 

bituminous coal; HHV 12,254 Btu per lb 
I lout-release rate, 16,100 Btu per cu ft-hr 
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Heat-transfer area, sq ft: 

Boiler, 5,300 Economizer, 96,260 

Waterwalls, 32,^60 Air heater, 348,600 

Radiant superheater, 12,600 Reheater, 62,000 

Convection superheater, 47,970 

Projected furnace envelope, 33,340 sq ft 
Furnace volume 154,300 cu ft 

Compute: 

(a) Hourly fuel rate 

(5) Heat-release rate on area basis 

Plot graph of heat-transfer area distribution. 
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CHAPTER 8 


SUPERHEATERS, REHEATERS, ECONOMIZERS, 
AND Am HEATERS 


8-1. Superheaters. These special heat-transfer surfaces, made up of 
parallel-tube circuits, receive steam from the boiler's release drum to 
raise its temperature. The heat absorbed from the furnace radiation or 
combustion gases first evaporates the moisture carried over with the 
Hteam and then superheats the steam to a predetermined level. 

Figure 3-4 shows that superheating raises over-all cycle efficiency, A 
Hccondary advantage to superheating is the avoidance of too high a 
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ViQ, 8-1. Top curve shows drooping characteristics of radiant superheater, middle 
ouryo rising characteristic of convection type, and lower curve general result of com¬ 
bining two types. {Courtesy of CombuHiion Engineering Company, Inc.) 


moisture in the last stages of the turbine. This must be limited to less 
than 12 per cent to avoid blade erosion. Superheat also reduces initial 
condensation losses in steam engines, raising their efficiency. 

Superheaters usually have several tube circuits in parallel, with one 
or more return bends, connected between headers. Tube bends may be 
Ninall or large radius, made by bending straight tubes, or may be forged 
and welded to tube ends. Tube ends are rolled or welded into the headers 
or passed through a detachable joint. Where high-temperature gases 
enter the superheater, spacing tubes widely reduces the deposition of 
molten ash. 
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Superheaters are classified as radianty convection, or combination. 
Figure 8-1 shows how steam temperature changes with load for each of 
these types. The constant temperature of the combination type proves 
most desirable. Figure 8-2 shows superheater locations for smaller 




Fig. 8-2. Superheater classified by location, (a) Girth type for fire-tube HRT boiler; 
(b) overdeck; (c) interdeck; (d) intertube; (e) interbank. 

boilers, and Figs. 7-14 to 7-16 show the arrangement in larger steam 
generators. 

Heat transfers from the combustion gas to the tube metal to the vapor 
in a superheater and works the metal at a high temperature (Fig. 4-10). 
Primary sections usually are arranged in counterflow, while parallel 
flow in secondary stages helps to reduce temperature stressing of the 
tube wall. 
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Huperheater tubing gets rougher service than waterwall and convection 
tubes; therefore the metal must have high-temperature strength, high 
creep strength, and high resistance to oxidation. Special alloy steels 
ierve this purpose. 

Carbon steels are limited to about 950 F because of oxidation by higher- 
temperature steam. Some chromium-molybdenum alloys can be used 
to 1200 F. Tubes are normally smooth but may have extended surfaces. 

As boiler steam pressures and temperatures rise, a greater proportion 
of the heat-transfer surface must be provided in the superheaters and 
rcboaters (Fig. 8-3). 



S-Ib Distribution of heat absorption in steam generator is significantly influenced 
liy Mmi pressure and temperature characteristics of the cycle used. Note increased 
ftinoiiiits of heat transmitted in superheater Sh and resuperheater rh compared with 
I Miller and economizer at higher pressures. (Courtesy of The Babcock & Wilcox 
iUmpany.) 

8-2. Superheat-temperature Control. Accurate steam-temperature 
(loiiti'ol avoids overstressing superheater tubes and turbine front stages 
ftlid maintains over-all cycle efficiency. Using both radiant and con- 
Vflcl-ion surfaces for superheaters holds the temperature nearly constant. 
Til is can be done by nesting a superheater in the first bank of boiler 
or by having one part of the superheater on the furnace wall and 
the o( /her part in the convection bank. 

I*’igiirc 8-4 shows several methods used to control superheat precisely. 
TheH<^ include: 

1. bypassing furnace gas around the superheater 

2. Tilting burners in the furnace 

II, Turning on or off auxiliary burners in the furnace 

'I. I loHuperheater or attemperator using water spray or cooling coils 

5. Procondensing control of saturated steam 

II, (. Combustion-gas recirculation 

7, Separately fired furnaces 
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Fig. 8-4. Methods for superheat temperature control, (a) Gas bypass; (b) tilting 
burners; (c) auxiliary burners; (d) desuperheater (attemperator); (e) superheater 
condenser; (/) gas recirculation; (g) twin-furnace arrangement. 
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Choosing a convection superheater to give rated temperature at 70 per 
cent load makes it possible to hold constant temperature at higher loads 
by allowing part of the gas to short-circuit through a parallel pass. 

In tilting burners downward in a furnace much of the heat will be 
absorbed by the waterwalls, and the gas entering the superheater will be 
relatively cool. Tilting the burners upward gives the waterwalls less 
ohance of absorbing as much heat, and the gas entering the superheater 
Ih hotter, so raising the superheat. Burners tilt about 30° above and 
below the horizontal. 

By turning burners, placed higher in the wall than the main bank, on 
and off we can control gas temperature into the superheater with the 
name effect as tilting burners.. 

Steam temperature can be controlled by injecting water sprays either 
l)cfore the superheater or between sections of a superheater. 

Forced recirculation of combustion gas from the economizer outlet 
to the furnace bottom acts like excess air and also blankets the furnace 
wall. This reduces waterwall absorption and raises superheater heat 
absorption. 

The twin-furnace arrangement is an extension of the separately fired 
Htiperheater, Varying the firing rate between furnaces controls super- 
licut temperature. All these controls may be combined as needed. 

8-3. Reheaters. Reheat cycles need two or more stages of superheat¬ 
ing, one for turbine throttle steam and one or more for steam taken 
from the turbine for resuperheating. Early reheat cycles used separately 
(Irtid superheaters or had heat exchangers using boiler water as the 
Kource. 

Pressure drops in reheaters must be large enough to ensure good steam- 
flow distribution between parallel-tube circuits but small enough to 
avoid depressing cycle efficiency unduly. Reheat cycles inherently give 
better efficiency and have been increasingly adopted for central stations 
Niiice 1945. 

Modern units have reheaters in the same gas passages of the steam 
g<iiicrator as the superheater. They may also be a combination type 
uning both convection and radiant arrangements. The radiant surface 
ol'Uui has the advantage of lowering the furnace-gas exit temperature 
OMough to cool the ash below its fusion point. This prevents it from 
Nlrigging the boiler convection surface. Figure 7-14 shows a modern 
roboat boiler. 

Tlieoretically the best reheat pressures usually are lower than practical 
opi imum pressures. Using higher pressures reduces the steam volume 
and tubing diameter and reduces the first cost. Intercept valves in 
reheat piping prevent overspeeding the turbine on a trip-out. These 
vitIvoH increase first cost and pressure losses in the piping. 
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8-4. Economizers. Combustion gases leaving the boiler convection 
surface carry considerable heat energy, at a temperature higher than 
the steam saturation temperature. Part of this energy can be recovered 
in an economizer (Fig. 8-5). The gases passing over the tube surface 
of an economizer heat the boiler feedwater flowing in the tube interior 
before the water enters the boiler drum. 



Fig. 8-5. Finned-tube economizer. Note headers outside of gas pass and finned 
extended-surface tubes. Soot blowers keep surfaces clean for better heat transfer. 
{Courtesy of Foster Wheeler Corporation,) 

Steam-generator efficiency rises about 1 per cent for each 10-F rise in 
feedwater temperature produced by an economizer. 

The justifiable cost for an economizer depends on the total gain in 
efficiency. In turn this depends on the gas temperature out of the boih^r 
and the feedwater temperature to the boiler. Regenerative cycles 
inherently have high feedwater temperatures, and so the cycle must \h) 
studied carefully. Modern economizers have steel tubes to withstand 
high pressures and are integral with the steam generator. I](!oiiomiz(U'H 
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use small-diameter thin-walled tubes closely spaced. The feedwater 
temperature entering the economizer normally is kept above 175 F to 
avoid cooling the boiler gas to the dew point, which would cause severe 
corrosion with most fuels. Proper feedwater conditioning avoids internal 
corrosion. 

One economizer type has parallel continuous loops welded to and run¬ 
ning between a pair of water headers. Other types use various return- 
l)end designs with horizontal tubes connected at their ends by welded or 
gasketed return bends outside the gas path. Gasketed bends may be 


Fig. 8-6a. Regenerative air heater fits in liinitcMl sp!ie(‘. 


Ih>\ headers with handholes or flanged U ends. Ifigun' 8-5 shows a 
.^'ljigg(M‘ed-tube economizer with headers. In the s<M',all(Ml “integraF' 
ertmoinizer the feedwater enters a drum headiM* and flows through tubes 
lo a s(a!oiid drum, which discharges to tlu^ main hoibn’ (‘irciilat ing system. 
The tu[)e banks of this type of economizta* sf-mid ;i,t th<^ outhd. of the boiler 


<'(tii\'eetion passes. 

In almost all designs water flows 
\Mlii counterflow heat exchang(\ 
i'rmiomiz(‘rs need a relatively larg(‘ 


back and lorth across the gas path 
Using small l<‘m|)eiatu!'e drops, 
suj'jac(*. J^leonomizer surfac^c costs 


(iliiiiil, Jis tnudi ;i,s .siiiKirlieatei’ .surftuu;, bill- MiU(!li Ichm Uiiiii boiler nurface. 
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An extended surface often proves economical; this may be cast-iron rings 
shrunk on steel tubes or steel fins welded lengthwise to the top and 
bottom of tubes. / 

8-6. Air Heaters. Incoming feedwater temperature sets a limit to 
the extent to which combustion gases can be cooled. Modern cycles pro¬ 
duce about 400-F feedwater, meaning 
that exit-gas temperatures from an 



Fig. 8 - 06 . Tubular air heater pasaes gas 
through tulios; incoming air makes four 
crossflow passes over tubes. 


economizer will be higher. To re¬ 
cover this energy and preserve high 
cycle efficiency, an air heater^ or 
preheater, may be used. In this heat ( 
exchanger the exit gases heat the j 
incoming air for combustion. 

Each 35- to 40-F drop in gas tem¬ 
perature raises steam-generator effi- ; 
ciency by about 1 per cent. , 

The recovered energy returns to ) 
the furnace and reduces the amount I 
of heat that must be released by the I 
fuel to maintain a given furnace ' 
temperature—i.e., it saves fuel. 
The average temperature through¬ 
out the steam-generator gas passes 
is higher and improves heat transfer. 
This gives a higher steaming capacity 
and decreases stack losses. 

The amount of air heating used 
depends on the fuel and firing method. 
Pulverized coals use about 600 F 
temperature, especially if the coal is 
wet. With stokers air temperatures 
must be limited to about 250 F, or 
the air cannot cool the stoker enough 
to prevent distortion by expansion. 

Figure 8-6 shows three types of 
air heaters: (1) regenerative, or ro¬ 
tary, (2) tubular, and (3) plate. The 


plate-type heater has narrow alternate lanes for gas and air passages. 
Baffles guide air direction for best heat-transfer-surface use. 

In tubular air heaters the air flows over the tube exteriors and the 
gas through the interiors. Baffling leads the air in crossflow over the 
tubes. The tubes are welded or rolled into tube sheets at each end. In 
some cases tube-row staggering improves air distribution. 
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A regenerative air heater has a rotor made up of corrugated elements 
that have many narrow passages between them. Rotating at about 
3 rpm, the rotor alternately passes through the leaving flue gas and the 
entering-air zones. The flue gas heats the metal rotor elements by 
flowing through the passages. The hot rotor, when in the air section of 
the heater, heats the air flowing through the rotor passages. In this 
way the rotor transfers heat from the gas to the air. Since an enormous 



I' lG. 8-6c. Plate-type air heater has air and gas flowing in alternate passageways. 

amount of surface is provided by the elements, this makes a compact heat 
exchanger. Diaphragms and seals divide the unit diametrically, gas 
Mowing on one side or zone and air on the other. The corrugated heating 
surface is made up in sections so that it may be easily removed for main- 
((Miance and replacement. 

Corrosion raises a serious hazard for air heaters. This can be avoided 
l)y limiting the cooling of the flue gas to a temperature above the dew 
point. This prevents moisture forming that can combine with tlio 
HU I fur dioxide in the gas to generate an acid. Metal temperature can be 
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kept above the danger point by bypassing some air around the heater or 
by recirculating air from the heater outlet to the forced-draft fan inlet. 
Current developments are trying ceramic-coated steel to protect against 
corrosion. 

Air heaters must be periodically cleaned of fly ash to prevent clogging 
the gas passages. Fixed air or steam blowers prove adequate in many 
cases. Some stations And it necessary to wash the heating surfaces to 
remove ash. 

8-6. Low-temperature Economizer. In the constant drive for high 
plant efficiency some modern designs use an economizer after the air 
heater in the gas circuit. The low-temperature economizer takes water 
only partly heated from the feedwater system and heats it by reducing 
gas temperatures below the dew point. The tubes are replaceable, and 
the heat saving is expected to more than pay for the occasional tube 
replacements needed because of corrosion. The heated feedwater returns 
to the feedwater system for further heating in higher-temperature bleed 
heaters. 


PROBLEMS 

8 - 1 . Dry steam at 200 psia is supplied to a superheater in which 150 F of super¬ 
heat occurs. The gas temperature drops 210 F in flowing over the superheater. 
Estimate the pounds of flue gas per pound of steam. 

8 - 2 . Steam at 650 psia and 700 F comes from a superheater receiving steam at a 
quality of 99 per cent. Feedwater enters the economizer at 300 F and 750 psia. 
What percentage of the heat transfer to the steam occurs in the superheater if there is 
a pressure drop through it of 30 psi? 

8 - 3 . A spray-type desuperheater is furnished with 120-F water. It is connected 
in a steam line carrying 350,000 lb per hr at 475 psia. Calculate the pounds per hour 
of water that must be sprayed in to maintain steam at 760 F when the boiler load 
causes steam to leave the superheater at*788 F. 

8 - 4 . A topping turbine receives steam at 1,200 psia and 900 F. Steam is exhausted 
at 260 psia and 600 F to two low-pressure units. A bypass in case of failure of the 
high-pressure unit consists of a pressure-reducing valve and a spray desuperheater 
using feedwater at 280 F. Calculate the water sprayed per hour if the two low- 
pressure turbines receive 200,000 lb of steam per hour when the high-pressure unit 
drops load. 

8-6. Test data show the following gas analyses before and after the air heater: 

Table P-1 



Entering 

Leaving 

COs 

9.7 

9.2 

O 2 

4.0 

4.9 

A'a 

86.3 

85.9 


The coal used shows a carbon percentage of 72.0 per cent. Estimate the air leakage 
in the air heater per pound of coal fired. 
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8-6. A power station is operated on a reheat cycle under the following conditions: 

Steam from superheater, 1,200 psia and 820 F 
Feedwater, 1,500 psia and 350 F 
Steam into reheater, 260 psia and 540 F 
Steam out of reheater, 250 psia and 820 F 

If 95 per cent of the steam flow is reheated, what percentage of the total heat transfer 
to the steam occurs in the reheater? 

8 - 7 . A 165,000-kw turbine uses 8.7 lb of steam per kilowatthour. Steam pressure 
is 625 psia and 700 F with feedwater at 320 F. The steam-generator efficiency is 
88.0 per cent. A gas-heated reheater is used taking saturated steam from the first 
bleed point of the turbine at 400 psia and reheating to the original temperature. 
Steam to the high-temperature feedwater heater is 8.0 per cent of the turbine input. 
Calculate the pounds of coal used per hour based on a heating value of 13,280 Btu 
per lb. 

8-8. A modern steam generator delivers 700,000 lb per hr of steam at 1,800 psia 
and 1000 F. Feedwater is supplied at 450 F and 2,100 psia. Pressure drops 100 psi 
through the superheater. Coal with an analysis C = 67%, H — 6%, 0 = 15%, 
A = 2%, S = 3%, A = 8%, HHV = 12,420 Btu per lb is pulverized and burned 
with 22 per cent excess air. A counterflow convection superheater is used, and the 
combustion gas is cooled to within 120 F of incoming steam temperature. Estimate 
the gas temperature leaving the furnace. Make reasonable assumptions for any 
added data required. 

8 - 9 . The following data apply to a steam generator with economizer and air heater: 

Steam output, 185,000 lb per hr 

Blowdown, 3 per cent 

Gas flow, 240,000 lb per hr 

Gas temperature to economizer, 770 F 

Gas temperature leaving air heater, 300 F 

Air flow, 188,000 lb per hr 

Water temperature to economizer, 410 F 

Water temperature from economizer, 440 F 

Air temperature to air heater, 110 F 

Economizer, 3,400 sq ft 

Air heater, 46,000 sq ft 

Compute, making needed rational assumptions: 

(a) Gas temperature leaving economizer 

(b) Air temperature leaving air heater 

(c) Heat-transfer coefficients for both economizer and air heater 
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CHAPTER 9 


DRAFT SYSTEMS 


9-1. Combustion Needs. The combustion process in a furnace can 
take place only when it receives a steady flow of air and has the com¬ 
bustion gases constantly removed. The steam-generator draft system 
induces this air and gas flow. When only a chimney is used, the system 
is a natural-draft system; when this is augmented with a forced-draft 
(f-d) or induced-draft (i-d) fan or both, the system is a mechanical-draft 
system. 

Small boilers use natural draft, but large units need mechanical draft 
to move the large volumes of air and gas against the flow resistance. 
Chimneys or stacks contribute only a small draft to the total needed 
in the large units. They help to discharge gases and fly ash high enough 
above ground to dilute them with air and minimize the air-pollution 
nuisance. Maximum economical heights are of the order of 200 ft and 
less. 

The net movement of combustion gases in a steam generator is ver¬ 
tically upward as they flow from furnace to convection passes to air 
heater to stack. The hot gases in these passages weigh less than an 
equal column of outside cold air. This causes a pressure difference 
that moves a flow of air and gas steadily through the fireside of the steam 
generator. The maximum pressure difference, or static stack draft 
(chimney ± other vertical passages), available to create flow is 

12 

— P«) (9-1) 

where Z)« = stack draft (maximum pressure difference created), in, HaO 
hs — stack height, ft (including vertical gas-pass height) 

Pa = air density, lb per cu ft (depends on barometric pressure 
and air temperature) 

Pa = gas density, lb per cu ft (depends on gas pressure and 
temperature) 

In computing stack effect for an arrangement of more than one vertical 
gas passage in series use Eq. (9-1) for each vertical separate section. 
Gas density varies considerably from section to section, 

D(, for series = of sections (9-2) 
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Use minus ( —) values for per section when gas flows downward in the 
section and plus ( + ) values per section when gas flows upward. 

Chimneys are generally made of brick, steel plate, or concrete. Steel 
and concrete stacks may be lined for heat resistance or left plain. 

Draft-system designers use the following terminology: 

Draft is the difference between absolute gas pressure at any point in a 
gas-flow passage (furnace, chimney, air heater, etc.) and the ambient 
(same elevation) atmospheric pressure. Draft is plus if 
and is minus if P^tm > Pg«s. Alternatively values are called “pressure” 
and “draft,” respectively, with no algebraic sign being used. Units are 
inches of water as measured by a U tube or inclined manometer. 

Draft loss is the pressure loss caused by friction between two points 
in the gas-flow path. 

Draft differential is the pressure difference between two points in a 
gas flow (algebraic sum of draft loss and stack effect). 

9-2. Draft-system Flow Resistances. The flow pressure pattern in a 
draft system may be evaluated by 

Dp + Ds = Da -h Dq -|- Dy (9-3) 

where Dp = total fan-effect pressure 

Ds = net stack effect (chimney + vertical passages) 

Da = draft pressure loss on air side 
Dg = draft pressure loss on gas side 
Dy = gas-exit velocity pressure 

In this equation Da is the sum of friction losses in air ducts, bends, air 
heater, stoker bed, secondary-air pressure at fuel burner, etc. Dq is 
the sum of friction losses in gas ducts, bends, economizer, air heater, 
mipcrheater, boiler setting, chimney, etc. 

(Chimney and duct losses may be calculated by equations like (4-51) 
and empirical modifications. Manufacturers supply data for equipment 
like air heaters, economizers, boiler passes, superheaters, etc. These 
loMH(iH follow a parabolic law. 



whcni D is the draft loss at rating Ws- 

h'(icl-bed or stoker losses depend on fuel size, bed thickness, and com- 
hiixlion rate. Manufacturers supply data on these as needed. Figure 
shows the principal parts of a draft system designed for negative 
fliniaco pressure, usually called balanced draft. The draft steadily drops 
from f-d fan outlet to i-d fan inlet. 

'I'liblo 9-1 gives a specific draft performance for the steam generator 
dlmwii in Fig. 7-15. 
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Fig. 9-1. Draft system of large steam generator and typical draft variation at rated 
capacity. Note balanced draft at furnace, point 5. 


Table 9-1. Typical Draft Losses'^ 

Union Electric Company of Missouri-Meramec Station, St. Louis, Mo. 


Load, 1,850,000 lb per hr Fuel, coal 
Pressure, 2,150 psig Temperature, 1010 F 

Component Draft values^ in. H 2 O 

Draft in furnace. 0.10 

Draft loss through boiler. 0.10 

Draft loss through superheater and reheater. 2.50 

Draft loss through economizer. 1.70 

Draft loss through air heater.. 2.30 

Draft loss through flues. 0.65 

Draft loss, total. 7.35 

Air pressure, loss through air heater. 2.85 

Air pressure, loss through ducts. 0.83 

Air pressure in wind box. 4.60 

Air pressure, loss steam coils. 0.40 

Air pressure, total.. 8 68 


Courtesy of Foster Wheeler Corporation. 
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9-3, Fan Characteristics. Todaylarge boilers with capacities of 
III most 4 million lb steam per hour would be impossible to run without 
tlie aid of draft fans. A chimney of any reasonable height would be 
incapable of developing enough draft to move the tremendous volume 





I'Ki. 9-2. (a) Steel-plate fan rotor; (b) backward-curved-blade fan rotor; (c) forward- 
ciirved-blade rotor; (d) fan scroll housing. 


of air and gases. Fans reduce the height of stacks needed for adequate 
draft. 

I*'ans have a rotating element (rotor) and a stationary housing (casing) 
as in Fig.‘9-2. Fan performance depends on the shape of the blades 
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Fig. 9-3. Basic fan performance characteristics at constant rotor speed. Fans always 
operate on their characteristics. 

in the rotor, they are classified as: (1) straight, or radial; (2) backward- 
curved; (3) forward-curved; and (4) double-curved. 

Figure 9-3 compares the performance curves on a qualitative basis. 
Manufacturers supply such data for each type of fan they offer. These 
curves define constant-speed performance. With speed change the 
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theoretical performance at constant efficiency follows the fan laws, 

cfm oc rpm Total head rpm^ hp oc rpm® 

Backward-curved blades have air leaving at low velocity from the blade 
tips, making them suitable for high rotor speed. Their power con¬ 
sumption reaches a maximum at an intermediate flow so that the fan 
driver cannot be overloaded. Power plants ordinarily use this type of 
fan for forced draft. The forward- or straight-bladed fans are preferred 
for i-d fans since their lower speed retards blade erosion caused by fly ash. 
In the curves of Fig. 9-3 static efficiency is defined as 


= 


Wi 

Wa 


X 100 


(9-5) 


where = 
Wa = 
Wi = 


static efficiency, % 
actual input to fan, hp 

input to ideal equivalent fan, hp (static air horsepower) 


Wi F X Pa X 33 QQQ (9-6) 

where V = input volume to fan, cfm 

pa — input fluid density, lb per cu ft 
hs = static pressure developed, ft of fluid flowing 
Note: If in Eq. (9-6) hs is replaced by the total head developed (velocity 
-f static head), the result is the total air horsepower. 

9-4. Fan Selection. Figure 9-4 shows the relative positions of the 
f-(l and i-d fans in the steam-generator draft system. Fan selection 
(l(^pends on evaluating the volume flows needed at design conditions 
iiiid the pressure differences that will establish these flows. Some excess 
will be provided for to allow for fuel variation and possible leakage. 

Forced-draft Fans. These fans must handle maximum anticipated flow 
ImHcd on theoretical and excess air needs. Any leakage or infiltration 
HH in Fig. 9-4 may seriously alter the load on the fan. Volume also 
(lop(uids on air-intake temperature, which varies with fan location and 
WWtHons, and on barometric pressure. 

The boiler designer figures the air volume needed on the basis above 
^nd allows an additional 20 to 25 per cent capacity to allow for unfore- 
W'OM contingencies. Pressures depend on all the resistances on the air 
of the furnace [D^ of Eq. (9-3)] and the possible stack effects in the 
air IHMiters and ducts. Factors such as coal size, caking fuel beds, slag¬ 
ging furnaces, and gas passes make it difficult to predict exact pressure 

loHNOH. 
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Fig. 9-4. Location of f-d and i-d fans in a draft system. Note leakages and infiltrations, which affect fan selection. 
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Pressure excesses of 40 to 50 per cent for resistance variation are often 
used in selecting fans. The f-d fan must be reliable and efficient and 
must have a self-limiting power input to prevent overload if discharge 
backpressure should suddenly decrease to atmospheric. Forced-draft 
fans handle relatively clean air at high-speed rotation and usually are 
fitted with backward-curved blades. 

Induced-draft Fans, A fan of this type (Fig. 9-4) usually works at the 
outlet point of the steam generator after the dust collector. It handles 
relatively high-temperature gas with some dust loading. Gas volume 
depends on many factors: air supplied, fuel type, infiltration air, gas 
pressure and temperature, and the moisture content. 

Dust content affects volume slightly but more markedly affects gas 
density, reflected in static pressure. Volume calculations are usually 
uprated by 15 to 20 per cent to account for variables. 

Induced-draft fans usually have a negative static pressure at inlet 
and outlet; when discharge-control dampers or long breechings are used, 
the outlet pressure may be positive. The static pressure developed 
depends on resistance [Dq, Eq. (9-3)] between fan inlet and furnace 
plus any stack effect in the furnace, economizer, or air heater. Good 
practice assumes some 20 to 30 per cent excess pressure above calcula¬ 
tions. The i-d fan handles hot and dust-laden gas; designers use almost 
any of the basic types, but the straight or forward-curved types with 
lower rotor speeds help reduce maintenance. j 

I'orward-curved blades are used for moderate pressures; and the 
Nlj'uight, or radial, type for higher pressures. Induced-draft fans have 
water-cooled bearings, and the casing and blades may have renewable 
strips at the points that erode most quickly. 

I*’igure 9-5 shows the performance of a variable-speed centrifugal fan 
(liHcharging to a duct system. The intersections of system resistance 
and speed curves show the operating points. For any desired volume 
Ilow the speed must be adjusted to match the system resistance at that 
(low. For constant-speed operation an artificial or variable resistance 
llk(' a damper must be introduced into the system to control the flow. 
Tliis method reduces operating efficiency but is a low-cost control. 

9-6. Fan Drives and Control. Directly connected motors drive f-d 
and i-d fans in many plants. Alternating-current motors ordinarily are 
llHod in modern power plants; since speed control with slip-ring motors or 
inull,if)le-winding induction motors is expensive, this system of speed 
control is seldom used. Most plants use inlet louvers or discharge 
diiinperH to control flow with constant-speed motors. 

Honui designers prefer to use constant-speed motors but vary fan 
rotor speed by variable-ratio hydraulic or magnetic couplings. The 
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constant motor speeds selected vary from 1,200 to 1,800 rpm for f-d 
fan drives and 720 to 1,200 rpm for i-d fan drives. 

9-6. Pressurized Furnaces. Many of the newest large steam genera¬ 
tors have f-d fans only. These furnaces run under positive pressure and 
must be enclosed in a gastight casing. This raises boiler efficiency 
slightly by eliminating leakage air and infiltration. Investment in 
the i-d fan is eliminated, but this is offset somewhat by the cost of the 
pressure-tight casing. Maintenance and operating energy of the i-d fan 
are eliminated at the expense of somewhat higher f-d-fan energy input. 



Fig. 9-5. Performance of variable-speed fftn connected to a duct system. Intersection 
of speed and system resistance curves determines operating point. 


' 9-7 Auxiliary Fans. An overfire-air fan may be used with stokers to 
inject air above the fuel bed to complete combustion and aid mixing. 
These fans may introduce about 10 per cent of the total combustion air. 
Coal pulverizers use a pulverizer exhauster fan to remove the coal-and- 
air mixture from the unit. Pulverizers use air-to-coal ratios by weight 
of 1.5:1 to as high as 3:1 at temperatures of 150 to 200 F. These fans 
are usually integral with the pulverizer. A vent fan supplies heated air 
or gas to dry the coal in a pulverizer. 


PROBLEMS 

9-1. Flue gas flows through three vertical passages A, B, and C in series in thsi 
order. Data are as follows: 
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Table P-1 


Passages 

Element 

Height, ft 

Flow 

Temperature, 

A 

Economizer 

60 

Up 

1550 

B 

Air heater 

130 

Down 

1100 

C 

Chimney 

160 

Up 

280 


Assume a gas density of 0.0418 lb per cu ft at 500 F and an air density of 0.0768 lb 
[)cr cu ft at 60 F. Calculate the draft at the entrance to passage A due to stack 
effect. 

9 - 2 . A steam generator has two f-d fans in parallel with a capacity of 150,000 cfm 
ouch. Air inlet is at 110 F, a static pressure of 10.5 in. HaO, is developed, and the 
fan speed is 1,220 rpm. (o) Based on a fan input of 345 hp each, calculate the static 
efficiency, (h) Calculate the capacity, head, and power requirements for a speed 
IncTcase of 15 per cent. 

9 - 3 . Compare the fan power needed for a conventional and pressure-setting fur- 
IHUic, based on data as follows: 


Table P-2 



Air flow, 
lb per hr 

Gas flow, 
lb per hr 

Static pressure, 
in. H 2 O 

Air 

tempera¬ 
ture, °F 

Gas 

tempera¬ 
ture, °F 

Conventional. 

371,855 

431,255 

7.20 induced 

90 

375 

Pl'OMHure furnace. 

371,855 


draft; 8.12 
forced draft 

14.18forced draft 

90 

375 


ANNUine a static fan efficiency of 72 per cent in all cases and a gas density of 0.0708 lb 
ppr (lu ft at 60 F. 

9 - 4 , Determine the volume and pressure specifications for selecting an f-d fan for 
ihti following installation: 

Steam generator; 

Load, 150,000 lb per hr 
Pressure, 850 psia 
Steam temperature, 900 F 
Feedwater temperature, 375 F 
Efficiency, 88.2 per cent 

Air-heater resistance at 60,000 lb per hr 0.7 in. H 2 O 
IJnlined steel duct, 75 ft 

l^roBsure in secondary-air burner box, 4.3 in. H 2 O 

Make rational assumptions when necessary, and employ reasonable excess factors. 
9 - 6 , (Joinputii the required motor capacity needed for the f-d fan under the follow- 
IliH tiniulltlotm; 
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Coal rate, 10 long tons per hr 
Coal analysis: 

C = 7^0 K = 3.0 0 = 3.0 

^ = 1.0 A = 8.0 W = 7.0 

Excess air, 30 per cent 

Plenum chamber pressure, 7 in. H 2 O 

Mechanical efficiency of fan, 60 per cent 

9 - 6 . The draft system of a boiler consists of a stack and f-d fan. A 200-sq ft 
traveling-grate stoker is employed, burning anthracite coal. Estimate the stack 
height and fan motor capacity for the following data: 

Flue-gas temperature, 500 F 

Inlet air, 14.7 psia and 75 F 

Coal heating value, 12,800 Btu per lb 

Excess air, 25 per cent with buckwheat No. 2 coal 

Combustion rate, 35 lb per sq ft per hr 

Stack friction drop plus velocity pressure, 0.042 in. H 2 O 

Boiler and breeching loss, 0.65 in. H 2 O 

Mechanical efficiency of fan, 70 per cent 

9 - 7 . Compute the head that an i-d fan must develop for the following conditions: 

Maximum boiler load, 250,000 lb per hr 
Draft loss in duct work, 0.3 in. H 2 O at 250,000 lb per hr 
Air-heater draft loss, 2,0 in. H 2 O at 120,000 lb per hr 
Boiler draft loss, 1.1 in. H 2 O at 200,000 lb per hr 

Assume that losses vary as the 1.8 power of the steam flow. 
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CHAPTER 10 


FUEL AND ASH HANDLING 


10-1. Coal and Ash Handling. Coal originates in veins underground 
and is claimed by deep mining, strip mining, or auger mining. Rail, 
boat, or truck transport brings the coal to a receiving point in the power 
plant. Mechanical systems in the plant move the coal to storage or to 
the furnace. At the end of the combustion process other systems remove 
the ash from the furnace to the point of disposal in the plant. 

The capacity of a fuel-handling system is usually several times the 
l)lant fuel-burning rate. This allows replenishing the coal for a 2-day 
supply in a single shift of 8 hr, or in two shifts for very large plants, and 
HO holds down labor and demurrage costs. Bunkers directly supplying 
l/he furnaces usually hold enough coal for 1 day's operation. Significant 
factors considered in selecting fuel-handling systems are: (1) plant fuel 
rate, (2) plant location in respect to fuel shipping, and (3) storage area 
available. 

10-2. Handling Systems. No system can be termed typical. Figure 
10-1 shows the various steps in coal handling and the equipment used. 
Hiweral plant arrangements can be indicated. For instance, a simple 
h(!ating plant in an office building may receive coal by truck and have it 
(lumped into a bin. A screw conveyer then takes the coal to a stoker 
hopper, an arrangement shown by sequence A-F-G-I, 

A small sized plant may receive coal by rail to a track hopper that 
fluids to a skip hoist. The hoist lifts the coal to a bunker that feeds 
It weigh larry which delivers the coal to a stoker hopper (sequence 
A-D-F-H-I), 

A larger plant may receive coal by barge; an unloading tower empties 
iJie barge to a feeder that discharges to a crusher. From the crusher 
the coal goes to a belt conveyer with a tramp-iron magnetic separator. 
This belt lifts the coal to the bunker tops, where crossbelts and trippers 
(liHlii’ibute the coal to the bunkers. From here chutes deliver the coal 
to weigh scales and then to the pulverizer (sequence A~B-C-D-F-G~H-I), 

When coal is stored outside, it would be bypassed, after leaving the 
cniHhcr, to chutes that discharge to carryalls for outdoor storage (sequence 
A-li-C~D-Ej a stock-piling operation). These few examples show some 
of IpIio equipment combinations used in practice. 
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10-3. Elements of Mechanical Systems. Rail cars delivering coal 
must be spotted exactly at the unloading point. This may be a trestle 
over a track hopper or af rotary car dumper (Fig. 10-2a). Wet and 
frozen coal needs added handling. Car shakers, loosening augers 


(Typical equipment) 

Car and borge movers^ 

Cor thawing equipment 
Car shakers, unloaders 
Rotory car dumpers 
Crones and buckets 
Self-unloading boots 
Unloading towers 
Portoble conveyors 
Lift trucks with scoops 
Track hoppers, grizzlies 
Feeders (various designs)/' 
Weighing devices 


Fuel delivery 
Truck Boat Rail 


Bulldozers 
Scrapers, carryalls 
Bridges, tromways 
Drog scrapers 
Cranes and buckets 
Conveyor systems -- 


Belt conveyors^ 

Screw conveyors 
Flight conveyors 
Mass flow conveyors 
Bucket elevators; 

gravity discharge, 
pivoted bucket, 
side cor corriers 
Chutes 
Larries 
Lift trucks 

Monorails, tramways"' 



(Typical equipment) 


.rSkip hoists 
Bucket elevators 
Belt conveyors, trippers, 
magnetic separator 
Flight conveyors 
Mass flow conveyors 
Screw conveyors 
vStocking conveyors 
Chutes 




Bins, bunkers, 
silos 
ndicotors 
Alarms 
Vi brotors 
Gates, valves 


Scales 
Coal meters 
Weigh lorries 
Hoppers 
Somplers 


Fig. 10-1. Flow chart of basic steps in coal-handling system. Typical devices used for 
each function are listed. A single device frequently serves several functions. 


(accelerators), or displacers free the coal and may even be used to speed 
up normal handling. Cars may be thawed in heating sheds or by stand¬ 
ing over oil-fired thawing pits. 

Coal towers (Fig. 10-26) or unloading bridges remove coal from bargei 
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(c) {d} 

|<'|n Coal-handling components, (a) Rotary car dumper; {b) trolley tower with 

Iniclo't iiiiloader; (c) skip hoist; (d) coal scale, [(a), (&), and (c) Courtesy of Link-Belt 
i'ottifmtiy. (d) Courtesy of Richardson Scale Company.] 

In huge op(;rations. Buckets raise the coal from the positioned barge 
III II ho|>p(M’ feeding a conveyer. Self-unloading barges are used on the 
Oieiil IjikciH. A feeder (Fig. 10-3a) removes the coal discharged from 
III!' Iiiippers to conveyers to reduce wear. Receiving coal at a uniform 
IIIIn miikns conveyers more effective. Feeders may also supply crushers 
Ml (lin iniloiuling point in some systems. Feeders run horizontally or 
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Fig. 10-3. Examples of unloading and transfer equipment, (a) Feeders (top, recipro¬ 
cating; bottom, screw); (b) flight conveyer; (c) belt conveyer; (d) end-discharge belt 
conveyer; (e) movable belt tripper. {Courtesy of Power.) 



at a slight angle from the hopper bottom. Trucks usually dump coal 
to outside storage or to a bin below road level. 

Coal is stored in bins or silos in plants and also in outdoor areas. 
Conveyers deliver coal from the unloading point to storage, or to the 
furnace, and from storage to the firing equipment (Fig. 10-3a to d). 

Skip hoists and bucket elevators lift coal vertically, while belts and 
flight conveyers move the coal horizontally or on inclines. Coal usually 
discharges from the ends of belt conveyers. But in discharging coal to a 
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long bunker or a series of silos, belts have trippers that can dump the 
coal anywhere along the belt travel. One design (Fig. 10-3e) passes 
the belt over rollers that bend it to an S shape. The coal spills into a 
hopper that leads it by two side chutes into the space below the belt. 
The carriage carrying the pulleys and hoppers can move the full length 
of the belt travel on rails. Permanent magnets or electromagnets 
in pulleys remove scrap iron from the coal as it discharges from the belt. 



I'lG. ]0-4. Fuel-handling equipment for a small-capacity plant. Note relation to flow 
f'liiirl (Fig. 10-1). {Courtesy of Stephens-Adamson Manufacturing Company.) 


Small plants may use lift trucks to move coal from storage to stoker 
or pulverizer hopper. Most plants, however, use simple coal chutes 
IVoin overhead bunkers. The chutes, made of corrosion- and abrasion- 
rcHisbint materials, flare slightly in the flow direction. Steep inclines 
hid flow, and mechanical vibrators prevent coal from bridging or clogging 
In chutes and pipes. 

( may be weighed at the unloading point and at individual stoker or 
|iiilvcrizer hoppers. Track or platform scales may be used for rail 
cars and trucks. Weighing devices may be built into rotary car dumpers, 
III l’c(iders, and in belts for coal in transit. Weigh larries measure coal 
IIH taken from bunkers and after discharge to hoppers. Automatic 
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coal-weighing devices are available, as well as automatic samplers for 
heating-value determinations. Level indicators measure how much 
coal bins and hoppers contain. 

10 - 4 . Plant Coal-handling Installations. Figure 10-4 shows an instal¬ 
lation for a small plant. Equipment arrangement may be identified as 
in Fig. 10-1. Rail-delivered coal drops to a track hopper and flows to a 
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Fig. 10-5. Typical coal-handling layout for medium-sized stoker-fired boiler plant 
using silo with live and reserve storage. {Courtesy of Industry Power,) 


feeder that delivers the coal to a crusher or directly to an elevator. The 
silo has interior live and reserve storage volumes and an overflow chute 
to outside storage. Figure 10-5 shows the arrangement for handling 
coal in a medium-sized plant. 

Figure 10-6 shows a complete handling system for a large plant that 
uses thawing pits, track hoppers, bradford breakers, coal dryers, silofl, 
bunkers, weightometers, trippers, and other devices. 



maximum size. 
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10-6. Coal Storage. Storing coal guards against interruption of sup¬ 
plies and allows purchasing coal when prices are favorable. Small 
plants usually store coal uijder cover in silos (Figs. 10-4 to 10-6). These 
have live storage for immediate use and reserve storage for future use. 
Coal goes from silo to stoker hopper by chute or weigh larry. Larger 
plants use bunkers over or next to firing areas. Exhaust fans keep 
covered bunkers and silos under a slight negative pressure to minimize 
dust nuisance. 

Coal reserves for large plants are usually stored outdoors next to the 
plant. Stock-piling methods may use fixed or mobile equipment. 



Fig. 10-7. Typical drag scraper layouts for outdoor storage piles. {Courtesy of SaueV’- 
man Bros.j Inc.) 


Figure 10-7 shows the drag scraper as one of the fixed types; locomotive 
cranes and bridge cranes with limited range on rails are other types. 

Figure 10-8 shows a carryall for stocking and reclaiming coal from 
storage. Carryalls are used in large storage piles as in Fig. 10-9. They 
pick up coal from the stacker-conveyer discharges to store in the pile. 
On reclaiming they pick up coal from the pile and drop it into the nearest 
yard hopper. 

Stored coal weathers and may ignite spontaneously. Weathering 
releases some of the volatile matter, to reduce heating values as much as 
3 per cent during the first year. It also reduces the ignition quality and 
reduces the coal size. Slow oxidation of the coal may under certain 
conditions heat the coal to the point of ignition. Ventilating the pile 



l*’iG. 10-8. Carryall, left, distributes coal to any place in storage area; it can also pick 
III > (!oal and deliver it to yard hopper for plant use. Bulldozer levels and compacts 
piles and acts as pusher when carryall picks up load of coal through bottom opening. 
(t'ourtesy of Caterpillar Tractor Company.) 
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I' KJ. 10-1). Conve^^er layout m storage area of large power plant provides for stock¬ 
piling coal delivered by ships. Mobile equipment distributes coal to piles and 
irelninis coal for use in plant by delivering it to yard hoppers. Breaker house crushes 
eoiil {Courtesy of Link-Belt Company.) 


ciiii sometimes remove the heat and avoid burning. More often coal 
are built up in 1-ft layers and thoroughly compacted by running the 
I riMd-ors and carryalls over them. This excludes air to a large degree 
Mild r(!duces oxidation and so spontaneous heating. For long storage 
lirriods sealing the outside surface with asphalt or fine coal makes the 
practically airtight. 
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10-6. Water Removal. A few plants burn coal fines dredged from 
river bottoms. These coal fines accumulate from wash water used by 
upstream mines in their fcoal-cleaning process. River coals have high 
moisture content and must be dried before storing or firing. Dryers 
of various types, screen, rotary kiln, or flash, use flue gas or other heat 
sources for drying coal (Fig. 10-6). 

10-7. Ash-handling Systems. Industrial and central-station ash- 
removal systems may be either hydraulic or pneumatic types. In 
hydraulic systems the ashes and slag leaving a furnace quench in an 



Fig. 10-10. Hydraulic ash-handling system may be applied to a wide variety of 
conditions. {Courtesy of Power.) 


ashpit or hopper. At intervals high-velocity water jets discharge the 
refuse to sluiceways that carry it to a disposal point. This may be a 
fill area or a storage sump. An ash-handling pump empties the ash to a’ 
barge or truck or rail car at intervals (Fig. 10-10). 

In pneumatic systems the ash from furnaces and fly ash from dust col¬ 
lectors and other accumulating points drop into storage hoppers. A 
high-velocity air stream picks up the ash to carry it through a conveying 
line to a cyclone separator or target box in an ash-storage bin (Fig. 10-11). 
The air stream induced by a fan or ejector exhausts to atmosphere. 
Pneumatic systems handle fly ash effectively because of its fine sizBi 
75 per cent or more through 325-mesh sieve. Some power plants use 
hydraulic systems for furnace ash and pneumatic systems for fly ash. 
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Fig. 10-11. Pneumatic ash-handliiig systems have particular advantages for handling fly ash. {Courtesy of Power.) 
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10-8. Fuel-oil Handling. Oil-burning power plants usually use 
Bunker C or No. 6 heavy oil. The National Board of Fire Under¬ 
writers Code and local ordinances specify the basis for oil-system designs 

(Fig. 6-13). 

Oil delivered to a storage tank 
flows through a strainer on the way 
to the oil-pump suction. The 
pump discharges oil through heaters 
and another strainer to the burners. 
Straining, pumping, and heating 
equipment in duplicate allow clean¬ 
ing while maintaining oil flow. 

Oil arrives at a plant by ship, 
barge, tank car, or truck and is 
usually stored close to the unload¬ 
ing point. Storage tanks usually 
are fitted with fill pipe, vent pipe, 
oil gauge, steam smothering line, 
sludge pumpout, manhole, low-and 
high-suction taps, suction heating 
coil, return line, and electrical 
ground. 

The steel tanks may be inside or 
outside the plant. Cylindrical 
tanks may be installed above 
ground or below ground or as 
semiburied tanks (Fig. 10-12). 

10-9. Fuel-gas Handling. Pipe¬ 
line systems make the natural gas 
found in some 30 states available 
almost nationwide. For best econ¬ 
omy these pipelines should be kept 
flowing at full capacity. Many 
power plants use natural gas on a 
cutoff basis: the plant buys the gas 
at a low rate but agrees to stop 
taking fuel when the pipelines run 
at peak flows for other custonxers. 
These plants then burn oil or coal 
as an alternate fuel. 

Plants cannot justify storing gas on their premises, but underground 
storage proves feasible in some areas by using depleted gas and oil fields. 
Natural gas usually needs conditioning after withdrawal from the ground 




Fig. 10-12. Fuel-oil storage-tank arrange¬ 
ments: (a) outdoors aboveground; (b) 
underground; (c) large cone-roofed tank. 
(Courtesy of Power,) 
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In the form of removing dirt, water, hydrogen sulfide, liquid hydrocarbons, 
ind inert gases; an odorant is often added. Long-distance lines use 
pressures up to 1,000 psig and distribution pressures of about 200 psig 
or less. 

A typical handling system at a plant taps off from a distribution line 
(o a gas-metering house. The line divides into two parallel lines, each 
with meters, regulators, and stop valves. The lines reunite into a single 
lliui from the metering house to the plant boiler room. In the boiler 
room, branch lines feed gas through meters and regulating valves to the 
|as burners in the furnaces. 


PROBLEMS 

10-1. How is the plant fuel rate related to the coal-handling-system rate? 

10-2. What type of operation do the following sequences indicate? Refer to 

riK. 10-1. 

A-B-E-D-F-O-H-I 

A-B-D~C~D-F~G-H-I 

A-B-D-C-D-E-D-F-G-H-I 

10-3. What function does a feeder serve at an unloading point? 

10-4. Describe some methods of handling wet or frozen coal. 

10-6. What are some problems in designing a flight conveyer? 

10-6. How does a belt tripper operate? 

10-7. What are the elements of a skip hoist? 

10-8. What design features can reduce power requirements in a skip hoist? 

10-9, What are reasons for outdoor storage of coal? 

10-10. What effects does outdoor storage have on coal properties? 

10-11. Sketch and describe the elements of a hydraulic ash-handling system for a 
llwg-t-ap furnace discharging an elevated bin emptied by trucks. 

10-12. Discuss Fig. 10-11 in terms of the different types of air exhausters shown. 
10-13. At what points is fly ash deposited in a steam generator? 

10-14. How does a cyclone collector operate? 

10-16. What is the purpose of the various components of a fuel-oil tank? 

10-16. Sketch a simple piping layout for a plant using natural gas. 
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CHAPTER 11 


DUST COLLECTION 


Dust Types and Measurement. Any gas-borne matter largefl 
than 1 /i (0.001 mm) in diameter we class as dust. When such matterl 
exceeds 100 ^ in stack discharges, it is called cinders; in smaller sizes it 
is called fly ash. Again, fly ash may refer to gas-borne noncombustiblel 
particles and cinders to charred coal and coke particles. IncompletajJ 
or arrested combustion of volatile components of fuels produces 
consisting of particles smaller than 10 y. When these agglomerate, they! 
form soot. Table 11-1 correlates various size measurements. { 


Table 11-1. Dust-size Measurement Units 


M 

In, 

U.S. sieve series, 
mesh openings per in. 

10 

0.00039 

Subsieve 

20 

0.00079 

* Subsieve 

30 

0.00118 j 

Subsieve 

44 

0.0017 

325 

74 

0.0029 1 

200 

149 

0.0059^ 

100 

250 

0.0098 

60 


The dust concentration in stacks and ducts may be found experi^ 
mentally. The volume, temperature, and pressure of the gas must he 
measured as well as the weight of the dust. The dust count may bo 
expressed in grains per cubic foot at a specified temperature and pressure* 
The ASME Power Test Code on Dust Separating Apparatus gives tho 
testing procedure. The size distribution of dust is also analyzed; for 
instance, a sample may show 5 per cent on 100-mesh, 15 per cent through 
100 on 200, 20 per cent through 200 on 325, and 60 per cent through 325. 

The Ringelmann chart gives a visual standard for estimating smoke 
density. It has a series of black crosslines of definite thickness, forming 
a grid on a white background. Lines of different thickness make up a 
series of cards numbered 0, 1, 2, 3, 4, and 5. Holding a card at a standard 
distance from his eyes, an observer can compare it with the smoke in 
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11-1. Smoke-density indication, (a) Indicator; (h) installation in base of stack. 
[(^ourtesy of General Electric Company.) 


(|U(!Htion to estimate its probable density. Many consider the card 
Hyntem outmoded, but it is simple, inexpensive, reproducible, and firmly 
entrenched in many legal codes. 

I^'igure 11-1 shows a smoke-density-indicatiiig and ^recording system. 
HiKih systems use a phototube or thermocouple that measures the inten- 
Nily of a light beam projected through dust-laden gas entering a stack. 
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An electronic circuit can operate relays to adjust air supply to the furnace 
or operate an indicator calibrated to an arbitrary smoke-density scale, 
of dust smr>w° ontrol. Aerial contaminants or sewage consisting 

tbp nl! ’ T oxides) from furnaces affectS 

the physical, economic, and social welfare of a community. The pollution 

intensity depends on the amount and nature of the contaminants, atmosj 

izaSn regional topography. Increasing industrial^ 

ization has increased air pollution in the United States 

Central stations attempt to reduce the solid content of their stack 
LesaUsoLf e^^Ply with local ordinaneeJ 

ments. The latter in the form of codes, ordinances, and air-pollution' 
rules and regulations first appeared in 1867 in St. Louis, Mo Mostj 
cities of over 100,000 population have municipal regulations now ^ 
two communities have the same problem, and so ordinances vary. 

duSiln '"'r ^ power-plant dust emission but allows the short-J 
duration smoking caused by cleaning fires 

The following is from the 1957 Rules and Regulations of the Depart 
ment of Air Pollution Control of the City of New York; 

1.2.1. No person shall cause, suffer or allow to be emitted into the open air 

^ convenient measuring point adja- 

cent to the stack outlet, within the City of New York or upon waters within the 

in”L*folk)win exceed the concentrations set forth 

in the following table except as noted in paragraph (b) of this rule: 


Steam generated, lb per hr 
100,000 or less 
150,000 
200,000 
300,000 
400,000 
500,000 
600,000 
800,000 

1,000,000 or more 


Lh dust per 1,000 lb steam 
2.2 
1.9 
1.7 
1.4 
1.2 
1.1 
1.0 
0.9 
0,8 


excLS'durW tT shown in the above table may bo 

of .imo ™ """ 
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Atmospheric Dust Dispersion. Fly ash, cinders, obnoxious 
and smoke discharged from a stack become atmospheric con- 
tiiiiiliNiiitH. Larger particles above 10 n tend to settle to the ground, 
ifriilld those about 1 p behave like aerosols, with little tendency to settle. 

UuimiH diffuse in all directions. Stack design largely controls the 
MiiUnnre aspects of aerial wastes. The variables affecting the area over 
lUtirli solids settle out will determine the optimum design of a stack. 

The path followed by the gas, called the ^^plume,” depends on the 
Hionnal and dynamic properties of the stack gas and the wind flow past 
flin sbuik. The significant variables are (1) stack height, (2) stack 
•♦lli-gas velocity, (3) wind velocity, (4) gas temperature, (5) particle 
Nldn, and (6) surrounding topography. The potential pollution factors 
i*f pro|)osed designs can best be determined by wind tunnel test. 



Khi, 11-2. Graphic representation of Stokes’s law for a given set of conditions. Dust- 
i^itliTig distances change in proportion to wind velocity. 

Hi-okes^s law helps to compute the distance the usual dust sizes will 
|riiv<^l from power-plant stacks. Figure 11-2 shows calculation results 
for a given set of conditions. 

'Ilie combustible content of stack dust is important in pollution. A 
typical test showed these combustible distributions: 61.2 per cent on 
lOd-rnesh, 43.4 per cent on 200 through 100, 34.7 per cent on 325 through 
UOO, and 15.4 per cent through 325. Coarser particles settle closer to the 
plttnt, the black-colored combustible aggravating the nuisance. The 
iivcM’age person associates these with the plant, but not the finer, more 
widcily dispersed dust. 

11-4. Emissions from Fuel-burning Equipment. Flue-dust quantity 
and (quality depend on the fuel and burning equipment. With pulverized 
iind spreader firing, small particles burn in suspension. They first 
Hoflen and swell, when heated, to form cenospheres. They form before 
most of the volatile matter is released. For too short burning times 
Uu^ gas stream carries them out of the furnace. 
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All types of burning equipment produce flue dust (Fig. 11-3). To 
collect this dust, the designer must know the dust-size range. The 
logarithmic probability (ihart (Fig. 11-4) based on many tests relates 
particle size and quantity to burning equipment. Variations in fineness! 
of grind, coal composition, and boiler design may shift the curves oFi 



Traveling-grate stoker 





Fig. 11-3. Firing methods influence sizft, shape, and density of particles and the air- 
stream velocity with which they leave the furnace and the stack. Flue-dust flgurei 
are very approximate. {Courtesy of Power.) 

change their slope. Table 11-2 lists the dust concentration for different 
firing equipments. 

Table 11-2. Typical Average Dust Concentrations 
Equipment Dust, grains per cuft gas 

Pulverized coal. 1-12 

Chain-grate stoker. 2-5 

Underfeed stoker.. 0.5-1.5 

Spreader stoker. 1-7 

11-6. Flue-dust Collection. Figure 11-5 shows the basic principlei 
of mechanical dust collectors. Enlarging the duct cross-sectional aroE 
to slow down the gas gives the heavier particles a chance to settle out 
(Fig, ll-5a). When the gas makes a sharp change in flow direction, the 
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Q01 0.1 0.2 0.5 1 2 5 10 20 40 60 80 90 95 

Per cent smaller than 


Fl(i. 11-4. Logarithmic probability chart showing typical distribution of particle size 
for various types of firing. 



iP) (^) 

l''lG. 11-5. Principles used in dust separation, (a) Sudden velocity decrease by 
iMilnrging cross section; (b) abrupt change of flow direction; (c) impingement upon 
Niitnll baffles. 

Iieavier particles tend to keep going in the original direction and so 
W'IXl(5 out (Fig. 11-56). In Fig. ll-5c impingement baffles have more 
olTccit on the solid particles than the gas, helping them to settle out. 

Ocntrifugal force and forces of electrostatic fields also separate dust 
fi'tun the gas. The collection efficiency of a dust separator is the amount 
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of dust removed per unit weight of dust. Though dust collectors remove 
contaminants, they increase draft losses and hence the fan power. 

Let us briefly study some available collector designs. 

Cinder Catchers, These are ordinarily used with stoker firing (Fig. 
11-6). The plan shows the dust-laden gas striking a series of vertical 



Fig. 11-6. Typical cinder trap, (a) Plan section; (&) vertical section. 

baffles that change its direction and reduce its velocity. The separated 
dust and cinders fall to the hopper for removal by a vacuum system. 
Collection efficiency ranges from 60 to 75 per cent. 

Cinder Vane Fans, Figure 11-7 shows dust-laden gas from a stoker- 
fired furnace entering the scroll outer side. While the gas sharply 
changes direction to enter the rotor, the centrifugal force carries the dust 
particles along the edge of the scroll. The tangential take-off slot skima 
a small volume of highly concentrated dust-laden gas to a secondary 
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Fig. 11-7. Principle of cinder vane fan, 
which adds centrifugal force to pull out 
particles of dust. Note skimmer collect¬ 
ing high-count dust-laden gas. 


Cleaned gas 



11-8. Schematic view showing elements of cyclonic spray scrubber. {Courie^^ pf 
(-hrrnical Construction Corporation.) 
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separator. Clean gas at the fan center passes out through special guide 
vanes. The collecting efficiency varies from 50 to 60 per cent. 

Gas Scrubbers. Figurerll-8 shows the wet removal of flue dust and 
sulfur gases by water-spray washing. A manifold in the center sprays 
water through the incoming gas^ and the dust floAvs out in a water slurry 



Kig. 11-9. Typical cyclone collector. {Courtesy of Buell Engineering Company, hic.) 


through the drain below. Rubber-lined pipes, vitrified materials foi* 
nozzles, and lead lining in the tanks minimizes corrosion. The collection 
efficiency runs over 90 per cent, but the corrosion problem precludes 
wide adoption in power plants. 

Cyclonic Separators. This unit uses a downward-flowing vortex for 
dust-laden gases along the inner walls (Fig. 11-9). Cleaned air leaveH 
from an inner upward-flowing vortex. An involute or tang(Mitial (yp(^ of 
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11)1(4, produces vortex flow. Dust particles throAvn to the walls by 
centrifugal force fall to the bottom for removal. This separator has 
II “ shave-off —a narrow, vertical rectangular port in the upper casing 
\vli)‘re the upper half of the double eddy current tends to accumulate 



I' IG 11-10. ('yclone separator using a bank of small coll(H;1/mg l-ul m's in p;ir.‘iItfi Note 
VnneK I'or s]>iraling effect. {Courtesy of Western BreeipUation Com ptrn y. ) 

lilies. 4'hesc enter the shave-off port to flow dowiiAvnid :ind join tlie 
nmni body of dust below. These cyclones may be us(mI singly or in 
)mr:ill('l; they run with efficiencies of about 85 p(U’ (mmiI., 

r igure I I -10 shows a unit using a bank of smnlbdiniinOei' eyelonein in 
piii;ill(‘l. I'hilic^al fanlike vanes in the annulai- si)a(‘e leinling lo I be enl 
led mg tul)(^s imi);irt a, spiral fl(jw to tbe gas for ceiitiifiiM,sl scpin'ii 
linn 'This type us(;s a, 9-in. tube, wlfile tbe la,ig('r typ<‘s nmy Imve n, 
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Fig. 11-11. Louver type of separator. Dust-laden air enters at bottom of cone A, and 
clean air escapes through the many fine louvers. Concentrated dust-laden gas is 
drawn by fan C through centrifugal collector D, (Courtesy of The Green Fuel Econ¬ 
omizer Company, Inc.) 
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Fig. 11-12. Basic elements of electrostatic precipitator (control cabinet, high-voltage 
transformer, d-c rectifier, collector). 
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4-ft diameter. Avoiding high velocities and using wear-resistant mate¬ 
rials reduce the erosion in these separators. 

Louver-type Separator, Figure 11-11 shows this high-velocity type, 
which may be classified between the baffle and cyclonic types. A conical 
shell of concentric overlapping rings guides the dust into the apex of the 


biG. 11-13. Combination mechanical and electrostatic precipitator. A, perforated 
diMl libation plates; B, grounded collecting plates; C, discharge electrodes, liigli 
vnit.nge 50 to 70 kv; D, plate rappers; E, discharge electrode rappers, (CourioHy of 
llrHrtirch-CoUrell, Inc.) 

cone while discharging cleaned gas along the sides. Power planta UMO 
WwHi) filter cones in parallel. 

Electrostatic Precipitators. This type (also called “Cottrell proolpltii- 
foi'H'') work effectively on the finer flue dusts. The precipitator {l*'lg. 

I Id2) has two sets of electrodes, insulated from each other, that main¬ 
tain an electrostatic field between them at high voltage. The Held 
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ionizes diist particles that pass through it^ attracting them to the elec¬ 
trode of opposite charge. The high-voltage system maintains a negative 
potential of 30,000 to 60,006 volts with the collecting electrode grounded. 
The collecting electrodes have a large contact surface. Accumulated 
dust falls off the electrode when it is rapped mechanically. 

Figure 11-12 shows the principal parts: (1) source of high voltage, 
(2) ionizing and collecting electrodes, (3) dust-removal mechanism, and 
(4) shell to house the elements. 

A wet type of this unit removes dust by a water film flowing down on 
the inner side of the collecting electrode. These units have collection 
efficiencies of the order of 90 per cent. 
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Fig. 11-14. Typical efficiency curves for combination mechanical and Cottrell electro¬ 
static precipitator when used for fly ash.* 


Figure 11-13 shows a combination mechanical and electrical dust col¬ 
lector. The electrostatic precipitator is costly but has low maintenance 
needs. The combination unit works well where there is a reasonable 
percentage of +10-^ particles in the dust and dust loadings of the order of 
25 grains per cu ft. The opposing efficiency characteristics of mechanical 
and electrical separators give a uniform efficiency over the load range 
(Fig. 11-14). 

11-6. Flue-dust Disposal, Flue dust may be used for fill when 
mixed with heavier components. Commercial uses have been found in 
some areas that give a return; these include partial replacement of 
cement in concrete, filler in asphalt for roads, and component in concrete 
building blocks. 

Some slag-tap steam generators use a system of refiring fly ash m\* 
lected from separators. This turns it into more easily disposable slag» 
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When the fly ash contains some combustible, the heating value is recov¬ 
ered. Nozzles blow the fly ash back into the furnace. 

Many English plants treat flue gas to recover sulfur dioxide as a 
profitable by-product. 


PROBLEMS 

ll-l* How many openings per square inch has a sieve sized for 74-/x particles? 

11-2. Which ASME power test code is used in this field? What does it cover? 

11-3. Discuss some of the advantages and disadvantages of a Ringelmann chart. 

11-4. What maintenance problems might be encountered in smoke-density control 
systems? 

11-6. Briefly discuss some problems that are encountered in setting up a code for 
air-pollution control. 

11-6. Over what factor does a designer have control from the standpoint of dust 
dispersion from a stack? 

11-7. What is the general relation between dust size and combustible content? 

11-8. Briefly classify commercial types of dust collectors. 

11-9. What are the main elements of an electrostatic precipitator? 

11-10. Suggest some possible uses of fly ash collected in precipitators. 
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CHAPTER 12 


STEAM PRIME MOVERS 


12-1. Turbine Development, The history of turbine development 
starts with the rotating-reaction nozzle-equipped sphere of Hero of 
Alexandria about 120 b.c. In 1831 Foster and Avery obtained a United 
States patent for a reactiorT wheel similar to Heroes. DeLaval first 
worked with the reaction idea but became famous for his single-stage 
impulse turbine about 1889. Parsons made a commercial success of the 
reaction turbine about 1894 in a marine application. Curtis developed 
the velocity staged turbine about 1896. 

Active development of the turbine made it the principal prime mover 
of generating stations by 1920. Most units used 200-psig 550-F steam, 
and capacities ranged from 5,000 to 30,000 kw. Small units ran at 
3,600 rpm and larger ones at 1,800 rpm. Turbine arrangements 
included straight condensing, back pressure, and automatic extraction. 

By 1930 steam conditions rose to 700 psig and 750 F, with a few units 
at 1,200 psig. Single-cylinder units of 15,000 kw at 3,600 rpm and 
75,000 kw at 1,800 rpm were running. The largest were 160,000-kw 
compound units running at 1,800 rpm. 

By 1940 turbines were using 950-F steam, and pressures above 1,200 
psig were accepted. Since World War II the reheat cycle has been 
widely adopted for new large units. 

In 1957 the first supercritical unit with two stages of reheat began com¬ 
mercial service. Steam conditions were set at 4,500 psig and 1150/ 
1050/1000 F; this Philo unit had a rating of 125 mw. Other supercritical 
units that followed within a few years were built for as high as 450 mw, 
but pressure was backed down to 3,600 psig to minimize difficulty with 
first-stage turbine bucket design. 

12-2. Basic Turbine Forms. Allowing pressurized steam to flow 
through a nozzle to a lower pressure converts part of the steam energy to 
kinetic jet energy. Turbines use two methods: (1) impulse and (2) 
reaction. Both methods are used in some impulse-reaction turbines. 

Figures 12-1 and 12-2 show features of these two main types of tur¬ 
bines. Individual designs vary widely. 

Impulse Turbine, The impulse turbine (Fig. 12-1) expands the steaxzi 
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in stationary turbine nozzles, where it attains a high velocity. The 
steam jet flows over moving blades without further expansion. These 
blades or buckets are fastened to the rims of rotating disks mounted on 
the turbine shaft. This turbine uses Curtis (velocity) and Bateau 
(pressure) stages. 

Reaction Turbine. The reaction turbine (Fig. 12-2) expands the 
steam in both fixed blades and moving buckets on the rim of a rotating 
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I ’ni. 12-1. Typical impulse turbine. Impulse prineiple used in Curtis (velocity) stage 
at high pressure end followed by a serias of Raleau (pressure) etagea. Note stationary 
ruizzles and blades attached to disks which rotate shaft. of General Electric 

('ompany.) 


drum. The relative amount of expansion varies with the particular 
design. 

12-3. Turbine Steam-flow Patterns. Figure 12-3 shows the basic 
layout of turbine nozzles, blades, and buckets. The pressure-staged 
unit has alternating rows of stationary nozzles and moving bucketn. 
The simplest turbines have a single nozzle and one rotating disk currying 
buckets on its rim. Larger units have multiple pressure stages to aooni- 
inodate larger pressure drops. The moving blades develop the tor(|Uo 
to turn the disks that carry them. The nozzles are in blookn at the 
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first or early stages and are placed in stage-dividing members called 
“diaphragms/' 

Velocity-staged flow inc/eases the number of rows of moving buckets 
per stage. The first row of buckets absorbs only part of the jet kinetic 
energy—a set of stationary blades redirects the steam into a second 
row of moving buckets without dropping the steam pressure. 

The reaction flow shown is typical of 50 per cent reaction turbines. 
Alternate fixed and moving blades with blunt-nosed entrance edges 
drop the steam pressure in each step to convert steam energy to jet kinetic 
energy. 



Vsfocify compounded impuhe stage 


Admisshn 


.Sov^rnor 


Coupling and 
turning gedr - 

Turning g&grj 


Exhaust hood 


housing 


Reaction 
biading . 


Rotor drum ^ BdiooM itston 


' Thrust j 
tearing 


Pressure eguaitWngp/pe 
Bfeed steam outiet J 


Fig. 12-2, Typical reaction tiirbinc. Note dxed and moving blades formed as nozzles. 
Use of impulse veloeifcy stage at liigli-pressui e end Tuakes this a eombiiiation impulse- 
reaction unit on an over-all basis. 


In all turbine steam flow, as pressure drops the velocity relative to the 
turbine nozzles increases, and the specific volume of the steam rises. The 
curves in Fig. 12-3 should be taken as showing general trends only and not 
as accurate characteristics. 

12-4. Turbine Nozzle Action. The acceleration of steam flowing 
through a nozzle to a lower pressure takes place in: (1) stationary nozzles 
of impulse turbines in the nozzle block at the stage inlet or formed by 
blade passages in diaphragms, (2) stationary nozzles (blade-formed 
passages) of reaction turbines, (3) moving nozzles (blade-formed pas¬ 
sages) of reaction turbines. 

Figure 12-4 shows these arrangements. The steam moves in steady 
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Fig. 12-3. Steam flow, (a) Pressure-staged or -compounded (Rateau) impulse turbine; (b) velocity-staged or -compounded (Curtis) 
impulse turbine; (c) reaction-turbine blading or nozzles. 

































































































234 


STEAM POWER PLANTS 



Iff} { 6 ) (C) 

Fig. 12-4. Turbine nozzle action, (a) Impulse inlet; (b) impulse diaphragm and 
stationary reaction; (c) moving reaction. 

flow, and so the steady-flow energy equation may be used for analysis, 

hu = hn (12-1) 

where i, 1 = inlet and outlet conditions 
he = static enthalpy, Btu i>er lb 
ht = total, or stagnation, enthalpy 
V = absolute velocity, ft per sec 
U = relative velocity to moving blades, ft per sec 
Vh = moving-blade velocity, ft per sec 
We also apply tlie continuity equation to help the analysis, 

w) = AiViPi = AiFipi (12-4) 

w = AiUipi = AiU\p\ (12-5) 

where w = mass flow, lb per sec 

A = cross-section area of nozzle, sq ft 
p = fluid density, lb per cu ft 

For incompressible fluids the nozzle area decreases from inlet to outlet; 
for compressible fluids the flow path first converges and then diverges if a 
large enough pressure drop is used. For isentropic flow the pressure at 
the minimum, or throat, section is always about 0.56 the inlet pressure for 
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superheated steam and 0.58 for saturated steam; these are absolute 
pressures. Inlet turbine nozzles may be converging-diverging, but for 
reaction stages and most latter impulse stages the nozzles are converging 
only because of the smaller pressure drop per stage. 

Figure 12-5 plots the nozzle-expansion line. An ideal nozzle expands 
isentropically, and all the available energy converts to velocity energy. 
But turbulence and friction prevent isentropic expansion so that steam 
enthalpy leaving is higher than the ideal. Equations (12-1) to (12-5) 



12-5. h-s diagram for turbine nozzle action. Note {hsi-hsv) due to the irreversi¬ 
bility of the actual steam process. 

apply also to actual conditions as well as ideal. We calculate per¬ 
formance referred to ideal as 


(/t^ ^sl) ^slO 


(12-6) 


where r}n is the nozzle efficiency. The power in the steam jet leaving the 
nozzle is 


wVi^ 

2g 


(12-7) 


where J = jet power in foot-pounds per second. 

12-6, Turbine Blade and Stage Action. The moving blade or bucket 
In a turbine converts the kinetic energy of the steam jet to a torque 
acting on the turbine shaft. The stationary blade may just change jet 
direaction as in a velocity-compounded stage. Buckets and blades act as: 
(I) moving blades or buckets in impulse-turbine stages, (2) moving 
hhules in reaction-turbine stages, and (3) reversing blades in velocity 
Mtagos of impulse turbines. 
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Figure 12-6 shows the velocity relations about moving blades where 

P = F ^Vi (^ 2 - 8 ) 

p = '!^(Vi cos a -V 2 cos 8)n (12-9) 

9 

where P = blade power, ft-lb per sec 
w = steam flow, lb per sec 

p = force exerted by steam on blade = rate of change of tan¬ 
gential momentum, lb 
Vb = moving-blade velocity, lb per sec 
From an energy balance for a moving blade with adiabatic conditions 

p = - [(Fi2 - Vi^) -\- (f/ 2 ' - Ui^)] (12-10) 

9 


In impulse blades because of friction we And f/z < Ui, whereas in reac¬ 
tion blades even with friction 1/2 > Ui. 



Y 


V 

(<7) (8) (C) 

Fig 12-6. Turbine blade action, (o) Any moving impulse blade; (b) fixed reversing 
blades of impulse velocity staging; (c) any moving reaction blade (design shown 
50 per cent reaction type). 

When applying Eip (12-8) to the stationary reversing blade.s of iv 
Curtis stage (Fig. 12-66), we find P = 0 since F. = 0. A fixed blade 
cannot do any work even though the steam exerts a force on it. 

Figure 12-7 shows the effect of fluid and blade friction on enthalpy 
of the steam in moving blades. Frictional losses in Fig. 12-6a maki 
< Ui, in Fig. 12-65 make < Vi, and in Fig. 12-6c show np in U% 
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being less than the maximum possible. This frictional energy returns 
to the steam as increased enthalpy; the energy returned is called reheat 
The effectiveness of a blade in converting energy is given by the blade 
efficiency 

P 

= j (12-11) 

where P = blade power 
J = jet power 

Impulse-stage blade efficiency can be easily figured by this relation. 
The expansion in moving blades of reaction stages makes the efficiency 
more difficult to calculate (see Selected Bibliography). 

h 



s 

12-7. h-s diagram for turbine blade action. Note increase of leaving enthalnv 
due to friction. 


The stage of an impulse blade includes the nozzles and the blade or 
l)U(!ket rows immediately following it (as many as three rows); the stage 
ol a reaction turbine includes a set of fixed blades and the moving blades 
Iollowing it. Performance is measured by stage efficiency, 


Ve = 


W 

(Ah). 


(12-12) 


wluiro W = blade work per stage, Btu per lb steam 

(Ah)s = isentropic drop in enthalpy per stage, Btu per lb 
I'ignrc J2«8 shows the physical factors that make the stage of an actual 
I III Idue loss than 100 per cent efficient. The losses raise the leaving 
i'n|.lial])ies above the ideal. These effects repeat in each stage of a 
iinilti.Htage turbine. The diverging pressure lines on a Mollicr diagram 
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for steam show that with stage reheat per stage] > (AH), for a 

single isentropic expansion between inlet and dischaige press 
this relationship established we can define a reheat factor, 


R = 


S(Afi)» 

(AH). 


(12-13) 


H > 1 and helps to estimate the state points for the individual stages. 




{a) 

Fig. 12-8. h-s diagram for a turbine stage showing types of losses, (a) Impulse; (b) 
reaction. 


The internal efficiency measures the departure of an actual turbine 
from ideal conditions, 


Vi =*■ 


SIT 

(AH). 


(12-14) 


where vi = internal efficiency, fraction . . , i u- 

'ZW = internal work delivered to the shaft inside the ur me 
(AH). = isentropic enthalpy drop or over-all available energy 
i2-6. Vector Calculations. In turbine problems velocity vector dia. 
grams are reduced to condensed forms (Fig. 

vector represents blade velocity, and the ^team-velocity vectoi^s am 
superimposed on it (see Fig. 12di). In pressure «ud 
actual turbines U 2 < Ui in the moving blades and I 3 < 1 2 m the rev 
STils. For reaction blading U, > Pr because ot »P»F..on " 
50 per cent reaction U, ~ V,. The power output of the moving blades 


p = ^ X AF (12-18) 

9 

where A7 is the total tangential velocity change (whirl velocity) as In 
Fig. 12-9. 


c^SQ-i ^CQsB-w/ifr^ ¥ehcity 
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Pftiaure staging (Rateau) 


Nozzle and blade sections 



Casing and rotor sections 



Velocity staging (Curtis) 
two moving rows 



Reaction staging (507o type) 


(“) (6) (c) 

he. 12-9. Techniques for condensed vector-diagram constructions, (a) Singie 
stage; (6) two-row velocity stage; (c) reaction stage. 
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In the Curtis stage with two moving rows the first moving stage does 
considerably more work than the second. The small marginal return of 
three moving rows has made this arrangement fall from favor. 

The Curtis stage with its large Ah drop makes it possible to drop the 
steam pressure and temperature quickly in the front end of the turbine. 
This reduces rotor length and leakage between stages and simplifies 
expansion problems. Usually Curtis stages are less efficient than the 
Rateau types and reaction stages more efficient at low pressures. The 
internal performance of a turbine is governed by: (1) nozzle and blade 
friction, (2) vector geometry—jet entrance and leaving angles; and (3) 
blade velocity ratio—(blade velocity) / (steam velocity). Entrance angles 
range closely about 15°. Decreasing blade exit angle (increasing y of 
Fig. 12-6tt) improves efficiency, but this has a closing-up effect on the 
blade passageway, which must have a given area to pass the steam flow. 
Ideally reaction and impulse turbines have equal efficiencies when run 
at their best blade velocity ratios; these range as in the following table. 

Type Blade velocity ratio 

Pressure stage. 0.4-0.45 

Velocity stage (2-row).0.2-0.28 

Reaction stage.0 • ^ 

Actual blade efficiencies range between 78 and 88 per cent and depend on 
the blade factors discussed. 

12-7. Turbine Types and Arrangements. Turbines are broadly 
classed as condensing or noncondensing, indicating that the back pressure 
is below or above atmospheric pressure. In bleeder, or extraction, turbines 
(Fig. 12-10) part of the steam leaves the casing before the exhaust. 
Removing small flows of steam for'feedwater heating is usually called 
“bleeding.” Nonautomatic and automatic extraction turbmes used in 
industrial plants divert major parts of the throttle steam at intermediate 

stages of the turbine for process uses. 

When waste or by-product steam at reduced pressures is available, 
it may be led into the lower stage of a turbine to do work; this is a mixed- 
-pressure turbine. Extraction-induction units both remove and introduce 
steam into the turbine after the throttle. 

The reheat turbine working in a reheat cycle returns its steam after 
partial expansion to the steam generator for resuperheating and then 
expands it to exhaust. Superposed, or topping, turbmes are high- 
pressure noncondensing units installed in existing plants to exhaust 
existing lower-pressure turbines. They increase plant capacity and 
improve over-all thermal performance. 

Steam-turbine capacities range from less than 1 kw to over 800,0M kw. 
Inlet pressures range from a few pounds above atmospheric to 5,000 psig 
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and temperatures from saturated at the pressure to 1200 F. Speeds for 
generator drives are 3,600 and 1,800 rpm; geared units run up to 10,000 
rpm and higher for small machines. 

Figure 12-11 shows the turbine arrangements used to achieve the 
higher capacities. Maximum area of the exhaust annulus limits the 
steam flow that can be passed. Large annulus area requires long last- 
stage blades and buckets; the limit on length depends on the shaft 
speed, which sets up centrifugal forces in the moving buckets. Beyond 






Single-extraction condensing Double-extraction condensin 






Low-pressure condensing 





tN 


IMoncondensing, or superposed 



Noncondensing bleeder, Single-extraction noncondensing Double-extraction 


or superposed bleeder 


noncondensing 


iG. 12-10. Basic turbine types to meet a variety of power and process steam demands. 


(pertain forces the buckets would fail. Modern 3,600-rpm units may 
have 26-in. last-stage buckets and 1,800-rpm units 46 in. Single-casing 
units have a maximum capacity of about 33 mw. For larger capacities 
more than one exhaust annulus in parallel must be used, to pass the 
needed steam flow. 

12-8. Mechanical-drive Turbines. Industry needs a wide variety 
of small- and medium-capacity turbines to drive pumps, compressors, 
blowers, fans, and other machinery. The turbine offers: (1) easily con¬ 
trolled variable speed, (2) quick starting, (3) freedom from spark hazard, 
and (4) adaptability to damp, hot, and other adverse conditions. More 
important, the turbine can remove energy from high-pressure steam and 
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50 <0 150mw, tingle reheot, Z cylinders, double flow 


125 +0 250 mw, single reheot, 3 cylinders, triple flow 


w 

rFftfrirfiir 




Single cylinder, single flow 


Tandem compound, double flow 


CrosB compound, 
double flow 


200 to 300 mw, single reheot, A cylinders, quodruple flow 



200 to 300 mw, single reheot, 4 cylinders, quodruple flow 




150 to 400 mw, double reheot, 6 cylinders, 
quodruple flow 


Cross 

compound 




Fig 12-11 Typical plan-view arrangements of turbine units indicating design trends 
as unit capacity increases. Higher-capacity units indicate projected possible designi. 
{Courtesy of Power.) 
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make oil-free steam available at low pressures for other uses. Figure 
12-12 shows a single-stage unit often used for mechanical drives. Capaci¬ 
ties up to about 1,500 hp may be produced with 36-in.-diameter wheels. 
Speeds range from 900 to 10,000 rpm, with most running at 1,500 to 
4,000 rpm. 

Small multistage units designed for mechanical drive are often con¬ 
sidered an intermediate class between mechanical drive and large- 
capacity generator drives. Pressure staging usually gives higher effi¬ 
ciency than single-stage units. These units are built up to about 10 mw, 


I’ai. 12-12. Meclmiibal-drive turbine^ AvailablD from 10 to 1,200 hp; 30 per cent 
Hficed range witli one two-veloeitj stage. A, nozzle; B, nozzle plate; C, hand speed 
riiiuiger; D, thrust runners; buckets and shroud bands; F, carbon packing rings and 
Hpring assembly; G, rotor; oversjjccd governor; 7, oil-relay governing system. 
(Courtesy of General Eleciric Contpany.) 

with speeds ranging from 1,000 to 5,500 rpm; they may be condensing or 
iioncondensing and have bleed or extraction points. They may have a 
Curtis stage ahead of one or more Rateau stages (Fig. 12-13). 

Reduction gears allow using high-efficiency high-speed turbines to 
drive low-speed loads. Gears also allow the turbine to drive two shafts 
lit two different speeds. 

12-9. Industrial-type Turbines. These units have capacities ranging 
I'roin 500 to 10,000 kw and use steam of 600 to 1,450 psig pressure and 
750 to 1000 F temperature. These multistage units run at 3,600 rpm 
ill single casings. The industrial turbine fits a heat cycle furnishing 
both power and process steam. 
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steam used for this double duty proves to be an economical energy 
arrangement. Turbines foj this purpose are arranged 
densing, with exhaust to process; (2) condensing or noncondensing ^uth 
Ltrolled extraction of steam; and (3) condensing-induction, using by- 

’^’'Rgme^\TT4 shows a noncondensing turbine with single automatic 
extraction. Figure 12-15 shows how these turbines would be used m an 
industrial cycle. 


PTr 12 IS Tvnical multistage mechanical-drive or power-generariiig .ulu.u., 
fn n n«teau st^r / oil pumps; B, instrument and control panel; C turning 

■ .hifch C sneed governor ■ /tkpered land thrust bearing; F, control valves; 

/, opening,, (Ccu,..,, o, 

General Electric Company.) 


12-10. Central-station Turbine Generators. In central stations the 
main turbine drives an electric generator. Capacities ^^nge from 16 500 
to 800,000 kw, under a variety of steam conditions as “ 
table. Pressures and temperatures up to 2400 psig and 105 


Pressure, psig 
850 
1,250 
1,450 
2,400 
3,500 
5,000 


Temperature, °F 
900 
950 

1050/1000 

1050/1000 

1050/1050/1050 

1200/1050/1050 


$TEAM PRIME MOVERS 


245 



Fig. 12-14. Typical industrial turbine of the single automatic-extraction noncondens- 
ing type. A, controlled pressure extraction; principal turbine exhaust; C, extrac¬ 
tion pressure-control valve; D, inlet speed-governing valve; E, turning-gear motor. 
[Courtesy of General Electric Company,) 



pomp 

Fig. 12-15. Use of industrial turbines to supply process steam and generate by-product 
|M)wer. 
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chosen on the basis of expected economy; above these levels they are 
somewhat experimental ai»d developmental at this writing. Central 
stations all use the regenerative cycle, and the majority use reheat for 



Fig. 12-16. Fliw.toiu view of large nonreheat steam turbine f^t riorm w 

Electric Corpm^aHon.) 



- 12-17 Typical outside appearance of turbine-generator unit as installed in power 
,tion. '{Courtesy of Wesiinghouse Electric Corporation.) 

efficiency advantage. The bleed steam pressures vary with tht 

rbine load, . , . . , ^ 

Fiffures 12-16 and 12-17 show some central-station turbine-gencratof 

signs of the nonreheat type. Figure 12-18 shows a reheat turbine 

iKTiitiir wilVi its main condenser. 
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12-11. Nuclear-power-station Turbines. Some of the nuclear plants 
built in the 1950^s and 1960^s use saturated steam at pressures up to 600 
psig. The low pressures make the steam excessively wot in the low-pres¬ 
sure stages. These units have special moisture-catching devices in the 
stages to remove the moisture; in some units the entire steam flow 
passes through a separator before continuing to exhaust. 

12-12. Steam-turbine Progress. Increasing throttle temperature and 
pressure has improved station thermal efficiency. The metal strength of 





I'jc*. 12 - 18 . Coinplete assembly of turbine^ genei'ator^ and condenser for central- 
Nlal'ion use. hteam turbine is of the lOO-mw-capacity reheat type, t andem compound 
urrangement with high pressure, intermediate pressure, and double-How low-pressure 
cylinder. Note relative sizes of components. Condenser has 50,009 sq ft of heating 
Nil rlacG. Tm bine operates at 3, 600 rpm. {CouHm o/ AlliB-Chulmers MrniuiaciuHng 
Vnmpo.ng,') 

those parts coming in contact with the steam limits the maximum tem- 
[XTature that may be used. While furnaoe flame temperatures range 
around 3000 F, the maximum steam temperature used commercially is 
1100 F and in one unit 1200 F. Most units use temperatures of 1050 V 
imd below. In addition to throttle steam conditions the station luiiit 
rale may be improved by increasing the number of bleed points, using 
otu^ or more stages of reheat, increasing the capacity of the unit, and 
«l<‘signing better steam-flow passages in buckets and nozzb's. h'iguie 
12-19 show.s the trend in turbine performance since 1915, wifh pre- 
dicfioiis for the future. 

12-13. Standardized Units. Turbine standardization proinoleH nqKdl- 
livo manufacture and lowers production costs. In 1939 \\u) National 
Dcbniso Power Committee adopted certain standards Ihai w<M'e inodifiod 
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in 1943 by an ASME committee on 3,600-rpm turbines. Later a joint 
committee of the ASME ai^l AIEE formed a complete Jandard 
selected range of turbine-generator ratings, published m 1945. 

" Ta'dards helped: (1) lower hret costs (2) shorten 

time (3) standardize drawing layouts, (4) standai due pe oime _ 

(5) lower installation costs, and (6) standardize bleed-steam 

These standards do not restrict technical advances, since many of the 

lai'ger units go beyond the standtirds range. 



OVERALL THERMAL EFFICfENEV 
IN PERCENT 


OVERALL STATION HEAT RATE 
IN STU PER KWH 

. EVOLUTION 


vIl^^MTEvolation of the Bteam cycle with projections for the future, ^ycle per- | 

ir f rpanf 65 tu^bi^ T^rly^wZl^Zle Eleanc ■ 

Corporation.) 


Table 12-1 shows the latest preferred standards based on ASME 
Standard 100 and AIEE Standards 601 and 602. The generator capa¬ 


bility varies with the cooling-hydrogen pressure. 

While no standard exists for the larger machines, manufacturer! 
attempt to market these to several companies simultaneously and iO 

obtain the price advantage of mass production sneedi 

12-14. Turbine Governing. Governors control turbine-shaft speed! 
and also control the pressure of extracted steam in automatic-extraction 
units. Turbine speed directly affects the frequency of output of an 
a-c generator and must be kept within certain limits for satisfactory 

operation. 



o 

GO 

o 

(N 1 

o 


d 

d'( 

lO 

CD ' 


o oo 
o o o 


lO 00 CO 00 (N no • 
I—li—i(M(MCOCO'^i-H 


IO¬ 
CS CO 


s£dd-:-r>: " 


*r oo 

^ U- O 

^-OCOO^O 


QO O 
OOiQ O nC „ 
iC OC OC 0-1 g 

OO o 
b- 


QO 

S o 

o o o ^ 


Q lO JLQ JO O 

m -oi o lO 

C-l CO- CO -i- 


—I 04 00 CO 


^ 04 Ol CO -P 


O’! CO 
Ol CO 


^ O 10 
I' CO 
^_Ol 


o 

g 

47,058 

0.85 

0.80 

1,250 

950 ! 

.' ^ 


o o o o o 

00 -di OS CO (M 
^ (N (N CO 

1.5 

h- 

58,822 

1 


47,058 

0.85 

0,80 

850 

900 

! ^ 




■Q 

CO 

CO 

35,294 

0.85 

0.80 

850 

900 

! tp 


O O O O O 
00 OS CO (M 
^ CM 04 CO 

. 

as 

GO 

<P 

QO 

s 

04 

23,529 

0.85 

0.80 

850 

900 



O O O O 

GO OS CO 
--H CM CM CO 

; ^ 

oO 

to 

o 

T'- 

CM 

■+ 

?i 

o 

o 

>p 

CO 

17,647 

0.85 

0.80 

850 

900 



O O O O ■ 
00 OS CD 

CM CM CO 

^ 'p 

?i 

o 

C'S 

o 

OT 

OT 


0^1 

o 

■y 

p 

Tf 

CJ 


d; 

ig 

u 


V 

ID 


hOJ 

•Q 

a 

i 


52 

% 

£ ^ S 

^ o P 
ijC =i 
r; P OJ 

2 o fflj 

S H ^ 

§1-2 
^ ^ ’P 

" C3 "5 

_tn c Cl 

i O £ 

^ sj 

-£ S-c 

Hi 

S 3 K 
-P Ih. QO 

^ X QJ 

sija 

d 


c3 


05 

or lO o ^ 
uooooogg 



o o o O ' 

► 4Q ” 


GO OS CD 


^ CM CM CO 



^ .. 
a b£ 

b£-S 

fH 

d . 

Lj F-i 

^ o 

05 

P ?3 


■3 p 

O O 
d Fh 


<D > 


Ph OD 


■ ^ bC 


bD P 

P.2 
.*p 'S 

' bc Pi Fh 

P o 
'p +1 O 

■ flj TO 

O pan o P 

) ..o Fi -I 

05 .. P PS 

Fh qi O 
P d ^ 

-.-4-3 P 0^ Fh ^ r 

05 d .PS 2 ^ ^ 

^ ^ 03 S a-' ° 

3 Fh S P ^ .. 
M Cl4 05 ^ G P 05 

CQ ^ ^ 05-3 S 

05 ^ 03 > 

05 P Lh • 2 P ^ 

S S -*■» 05 P 

9 S.S S 5'^-'^ 


2 a 


d 


05 


d 


S g d 

^ ^ > 

m a „ P ^ 

rP lO g lO OJ 
d GO g 00 5 
bed w o cQ 

hH ^ tn 
d Fh 03 Fh 

P 



‘p 

P b s 

t ^ g. 
B Ji o 
m g a^ 

p 05 'Fi O) 

p s ^ 

d & 5 ^ 
p .3 d SS 

P ^ K .P 

o P PS OJ 

HJ 05 H-i ™ 2 

- P P ac 05 
2 o ^ 

^ . E, 

p u 2 lo ^ 

s g.dd 
K .p S 2 
4J 5 a^'P 

^ ^ 05 
_£ PTC Q^-P 

S:|p g ? 


d 

"p 

P 


. p £ ^.9 

d ^]p 
I Oj bD 05 




™ rp hP Pi .P 
•-H c^; CO tJH JO CO I> ' 


P. Fh Fh 

o ^ e bc- 


■ ^ « n 

, ^ t. Q. 


* to 


.. P ' 

mo 


05 

P 

O 

d 

s 

d 

05 


05 

rP 

Fh 

O 


05 

P 

Fh 

P 


T3 

p 

d 

4^ 

m 

P 

d 

PI 

X 

05 

P 

P 

Lh 

P 

4-3 

P 

Fh 

P 


43 

P 

p 

p 

4 J 

P 

hO 

T3 

P 

s 

p 


249 





















































































































































250 


STEAM POWBB plants 


A governor controls shaft speed and ‘f mecZ5 

iTh Zd‘''VriZr 2 VSowrthe° schenratic arrangements used^ 

device, responds to speed or pressure variations. 



or 

hydraulic 





Fig. 12-21. Cross-sectional Manufaciuring Company.) 

and operating mechanism. (Courtesy o} 


In small does noZ««»<* 

roSTor::':"ve^^ndso^»;^^^^^^^^^ 

is used. In most units the pnm.,7 '‘'”“3“source (usually 

in turn controls the force developed by an outside gy 

a pressurized fluid) to move the governing, this mothoil 

i„t^t;trt;grfoi::r„\rdif“trra^-«^ -- -- 
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shows a more efficient noazle-control arrangement; here the governor 
opens and closes several steam-admission valves in sequence. The 
system uses lift rods or cams to open the individual nozzle valves. This 
arrangement controls steam flow by opening additional nozzle area 
rather than primarily throttling steam—throttling, however^ can never 
he completely avoided. In some larger units steam enters the second and 
third stages to develop maximum rated capacity. 



12-22. Schematic sketch of governor system with flyball type of centrifugal 
I trim ary element controlling pilot valve, which in turn operates servomotor and steam 
Viilve. 

1^ igui'es 12-22 and 12-23 show the two basic governing systems in 
wrlH'rnatic form. Each design has a speed changer that may be operated 
iimrmolly or automatically. These governors have a drooping speed 
I'hnnurtcristic; the droop may be some 4 to 10 per cent of the no-load 
n\u^vil The mechanical-drive turbines use the higher droops, 

I'igiire 12-24 shows typical speed-regulation curves for two units A 
iiial ll These give general trends; actual characteristics will be curved 
will have discontinuities. The dashed lines about A show that the 
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speed ehangor shifts 

S°tt ' millluoads J^be carried at constant speed by changing 
the setting from Li to Lj. 


I SERVOMOTOR 



OIL 

SUCTION 


STEAM VALVE 


Fig. 12-23. Schematic sketch of pilot^ valve M | 

flow through seivomotoi. 



Effect of 

%p€Sd ChQf^gCf 


0 ^ 

Load, kw * _ 

ia"S; .X.d Si.. 

or .o» a-c tn^. .onora.rs c— 

:r:LTa“aTet.,\oI +L.. 

ran A n.ml B the units may bo operated at. (1) mcreasea 
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constant frequency, (2) decreased total load and constant frequency, and 
(3) different load divisions between units at any total load and frequency. 

Bleed steam from a regenerative-cycle turbine is self-regulating. 
Steam can flow only to the heaters, as the feedwater condenses it in the 
connected heater. 

Automatic-extraction turbines have complicated governing systems 
consisting of a speed-responsive mechanism and a pressure-responsive 
clement to keep extraction pressure constant as both extraction flow 
and turbine shaft load vary. Double automatic-extraction turbines 
must have two pressure elements, one for each extraction point. 


A' MAIN GOVERNOR 
B-AUXILIARY GOVERNOR 
C-CHECK VALVE 

D-GOVERNOR CONTROL MECHANISM 
E'MAIN PUMP 
F-GOVERNOR IMPELLER 
G- INTERCEPTOR CONTROL VALVE 
H-INTERCEPTOR DUMP VALVE 
J - ORIFICE 

K-AUTO STOP VALVE 
■ ■ ■■ GOVERNOR CONTROL 

AUX. GOVERNOR CONTROL 
■I*™ OVERSPEED CONTROL 

HIGH PRESSURE OIL SUPPL Y 



RELIEF VALVE 
i'THROTTLE VALVE 
J GOVERNOR VALVE 
^'INTERCEPTOR VALVE 
8-BY-PASS VALVE 
% DUMP VALVE 
f- AtR PILOT VALVE 
^=STEAM LINES 




J) 


Kid. 12-25. Typical control diagram for a reheat turbine. (Courtesy of Westinghouse 
Ktv rtric Corporation.) 


'Turbine control has other devices such as the overspeed trip, low- 
nil-pressure trip, steam-flow-limiting device, and load-drop anticipator, 
Tlu^so arrangements attempt to foresee every emergency condition that 
niiglit arise and provide automatic protection against them, 

'I'he piping and reheater used in a reheat cycle complicate tho control 
problem of the turbine. Figure 12-25 shows a hydraulic type of governor 
lyHl -em for a reheat turbine; it has an auxiliary governor, interceptor 
Valve, bypass valve, and dump valve. 

Bypass valve 5 avoids overheating the intermediate- and low-pressure 
UliltiH during starting procedures by mixing some of the exhaust from tlu! 
IiIkI i-pressure turbine with reheated steam. When the interceptor 
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valve 4 closes on load loss, the dump valve 6 prevents steam leaking 
through the high-pressureyturbine exhaust and intermediate-pressure- 
turbine inlet seals and overspeeding the turbine. 

Main governor A controls speed and loading for normal operations. 
When speed increases suddenly from a large load loss, the auxiliary 
governor takes control. It closes interceptor valve G and control valve 3 
at about 3 per cent excess speed. This shuts off steam flow to both 
high-pressure and intermediate-pressure turbines from the boiler and 
reheater. The dump valve opens simultaneously, passing leakage 
steam to the condenser to prevent the overspeed trip from closing throttle 
valve 2. At speeds in the control range the auxiliary governor then 
closes the dump valve and sets the interceptor valve to throttle the 
steam trapped between the control and interceptor valves until the steam 
pressure drops to a safe level. It finally opens the control valves enough 
and the interceptor valve wide to maintain the 3 per cent higher speed. 
The unit may then be reloaded as soon as system conditions permit. 

12-15. Turbine Generators. Steam turbines drive a-c synchronous 
generators (alternators) of two- or four-pole design. These are three- 
phase machines offering economic advantages in generation and trans¬ 
mission. In the United-States the standard freiinency is 60 cycles, 
which means that four-pole generators must turn at 1,800 rpm and two- 

pole at 3,600 rpm. , u 

For generators rated 500 kw and higher and using 600 volts and higher 

the rotor carries the field and the stator the armature winding. This 
makes the slip rings for the rotor winding carry only moderate currents 
at relatively low voltages. Armature external leads carrying high volt¬ 
ages and currents can be better braced and insulated when stationary. 
The large, heavily insulated armature conductors can be better sup¬ 
ported to withstand heavy short-circuit currents. 

- Generator losses appearing as heat must be constantly removed to 
avoid damaging the windings. Room air cools small salient-pole genera¬ 
tors- fan blades on the rotor induce air flow over the windings. 

Large generators have cylindrical rotors with a minimum of heat- 
dissipation surface, and so they must have forced ventilation to remove 
the heat Practically all large generators use an enclosed system with 
air or hijdroffen coolant. The gas picks up heat from the generator 
windings and gives it up to circulating water in a heat exchanger, t 6 
water may be main condensate or raw water. Table 12-1 shows the 
effect of increased hydrogen pressure, which raises the heat-removal 
capacity. Raising hydrogen pressure from 15 to 30 psig increaHOl 
generator capability as much as 10 per cent. ^ 

Hydrogen reduces windage loss to about 10 per cent that of air. 1 h« 
higher thermal conductivity lets generators deviilop about 25 per (lerit 
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more output than with air. Insulation stands up better when not 
exposed to the oxygen in air. Hydrogen-cooled generators must be 
gastight and explosion-proof. Labyrinth-type oil seals supplied with 
oil at 5 psi pressure above the hydrogen keep leakage negligible. Auto¬ 
matic controls maintain hydrogen pressure, temperature, and purity. 
Impurities in the H 2 increase circulating-fan power and the hazard of 
explosion; it is kept at about 95 to 99 per cent purity. Carbon dioxide 


l''io. 12-26. Section through a typical fully supercharged geiH'niior. 'I’liiH parlieuliir 
design is used in units of 150 mw and up. Basic elonuMd-M ano ,1, Hlnior wiiidiiigH; 
li, stator core; C, generator rotor (field); Z>, field witulitigM; N, Ikld letidH; A’, main 
ierininals (hydrogen jet cooled); G, spherical seated iMMiringh; H, miler-yoke donhle- 
Mliell construction (note that hydrogen coolers not shown are Inealed in yoke); /, inner 
yoke (note that outer yoke is rigid and inner yoke nuiHt he aide to lle\ owing to ellip- 
M(»idal deformation of coils and structure during goneralJon); ./, coIIimiIoi- rings; 
collector-ring cooling fan; L, end bells; M, mounting h'et-; N, hen ring oil connection; 
(>, circulating blower for hydrogen coolant; P, hydrogen-rookn' water connections; 
Q, liydrogen connections for charge and removal of c.oolant; P, tJtriiHl, type of hydrogen 
hcmJ; S, hydrogen coolant flows through ducts eudiedded in htntor I-uitih and through 
cooling holes in laminations; T, hydrogen cools rot-or hy direct copper-1,o-hydrogen 
Itcid, exchange. (Courtesy of Allis-Chalmers ManufurlttriHy Pea/pea//.) 

{<^> 2 ) purges the system of air before filling it with hydiogcnj juid also 
purges it of H 2 before opening up for miiintetiamie. 'I'Ik' gns-eontrol 
Hystem feeds 99.6 per cent pure H 2 to the goiieniior tnid coiitimiously 
H(!jivenges gas contaminants to preserve purity. 

Until 1952 generators circulated the coolant aboiii, the insulation 
extiu’ior in vent ducts. Modern units have l)lowerM 011 tin' rotor to 
iorcc; the H 2 through hollow ducts in the stator and rolor e(>pp(.‘r at 
high velocity. This direct metal-to-gas heat transl'er redinn's the tern- 
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nerature differential and allows raising the generator rating for a given 
Le Direct liquid cooling inside the conductor ^ 

been the latest step in uprating generators, because ot the better he 
transfer characteristics of a liquid film compared with gas. 

Generators must have a separate d-c generator to suply their field 
windings. Some units have an exciter connected on the same shaft, 
others use separately motor-driven exciters. Figure 12-26 s ows 
modern generator for central-station service. 

A geniator converts the mechanical shaft energy it receives from the 
tu^ine into electrical energy. The magnetic field established in the 
rotor passes across the air gap between rotor and stator J 

over the armature conductors. Any factors varying the excitation 

affect the amount of energy transmitted tY°''ftf'fieTd''cufrer mux- 
field The air-gap flux is a function mainly of the field current (tl 

producing effect) and the component of armature current that lags at 
zero power factor (flux-weakening effect). At all times te gap 
is the resultant of these two effects. In the short-circuited generator 
the demagnetizing component or armature current . 

When a generator is short-circuited, we can send a field current f 
through its rotor winding' to produce rated current in the ^ 

“strong” machine a small h shows that the air-gap flux depends mainly 
on the field current. We use this to determine the short-circuit ratio 


SCR = 


la 


(12-16) 


where h = field current to produce rated voltage at no load and ratedi j 
I„ = tew'^cnrvent to pro'duce rated current in short-circuited^ 

The stability of a power system depends on the P 

venerators during a short circuit or sudden change in load. High sho^ 
TcSr ratios indicate inherent generator stability but increase tlm ] 
generator investment. In contrast low short-circuit-ratio generatmM 
tith automatic voltage control cost less. The short-circuit ratio 

most generators varies from about 0.6 to 0.9. j i,„, 

12-16 Turbine Performance. Turbine behavior can be expressed I y . 
(1) the ^team-flow process through the unit-expansion line or c^diUmt 
curve- (2) the steam-flow rate through the unit; (3) comparison with 
ideal-engine efficiency; (4) absolute performance-heat 
efficiency and (5) losses—exhaust, mechanical, generator, radiation, tfcO. 

ZZkon iLL on the Mollier chart show “"X, 

throughout the turbine from its initial throttle condition 
pressure. Being an irreversible expansion, the process cannot be slumi. 
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accurately. For practical performance calculations the line is assumed 
to be the locus of extraction steam points. 

Figure 12-27a shows the basic features of an expansion line that is con¬ 
sidered to be adiabatic. The manufacturer normally supplies curves 
describing the machine performance. Expansion lines can be computed 
from the concepts of Figs. 12-7 and 12-8 for all turbines. Based on 
Fig. 12-27aj the internal efficiency for a nonextraction turbine is 


_ hi — h2 

“ h, - h,’ 


(12-17) 


where rji = internal efficiency 

h = enthalpies as in Fig. 12-27a 

To compare actual and ideal performance we use engine efficiency. For 
a nonextraction turbine 


_ hi — h2 
hi — /i2' 


X fjg X 17 m 


3,413 

Ws(hi — h2') 


(12-18) 


where it^e = over-all engine efficiency 

rjg = electrical generator efficiency 
7}m = turbine mechanical efficiency 
Wa = steam rate, lb per kwhr 

These formulas must be modified for the different types of turbines. 
I he ASME Power Test Code of Steam Turbines gives these various 
relations, for example, for a complete-expansion or nonextraction turbine: 


„ ^ _ 3,412.7(P, or P,) _ 

(Wl - ^Wg){hl - ha.) + l^WgQll - hag2) 
h or a regenerative extraction turbine 


(12-19) 


____ 3,412.7(P, or P,) __ 

'^[Wh2{hi — hsh^) + Wb-i{hi — hshz) + ‘ ■ * + W^{hi — haj^\ 

+ 2TF,(/ii - hsg2) (12-20) 

where 17 ^ = over-all engine efficiency 

Pc or Pg = turbine coupling or turbine generator output, kw 
W 1 = flow of steam entering turbine, lb per hr 

= gland steam not returning to system, lb per hr 
1 ^ 62 , TFfts = steam extracted at bleeder points, lb per hr 
WA = exhaust steam flow, lb per hr 
hi = enthalpy of steam supplied, Btu per lb 
hax = enthalpy of exhaust steam at initial steam entropy, Btu 
per lb 

hao 2 = enthalpy of gland loss steam at leak-off pressure and 
entropy of supplied steam, Btu per lb 
hahzy ^84 = enthalpy of steam at extraction and exhaust pressures 
and entropy of supplied steam, Btu per lb 
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ia) 


id) 


0 Exhaust annulus velocity, ft/min • 

W 




Load 



(tr) 

Fig 12-27. General trends of principal turbine performance curves^ (o) 
or condition line; (6) e.lmust loss; (c) steam-flow (W.IIans ,ne) cv.rve for 
machines; (d) steam-flow curve for single automatic-extraction "“’'j'”"®®; 
rate and input-output curve. In all cases specific data must coine from the mnnil 
faeturer or other sources, as the foregoing is intended only to illustrate tremlH. 
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Engine efficiencies range from 30 to 50 per cent for small units and from 
80 to 87 per cent for large utility units. 

Turbine performance data include mechanical and generator losses. 
lU|uatioii (12-17) shows them as efficiencies, and so energy losses will 
fuive to be converted to this form. IMechanical losses include bearing 
losses, oil-pump losses, and frequently generator bearing losses. Genera¬ 
tor losses include all mechanical and electrical losses of the generator 
expect bearing losses if these are included in mechanical losses. 

Leaving losses of the steam exhausted from the last stage are analyzed 
too. They include the kinetic energy of the steam as it leaves the last 
stage, the pressure drop from the exit of the last-stage buckets to the 
condenser flange, and the losses from insufficient flow at low loads. 
Manufacturers give these data in curve form as in Fig. 12-276. Since 
I he expansion line is drawn to the condenser flange pressure, the exhaust 
loss from the curve (Fig. 21-276) is added to the enthalpy from the 
f^xpansioii-line terminal point to get the actual total enthalpy of steam 
l^juving the iast-stage turbine buckets. 

Steam-flow curves, or Willans lines (Fig. 12-27c), describe the steam- 
flow variation with load, for mechanical-drive and straight nonextrac¬ 
tion turbines. The mechanical-drive turbine often has a second nozzle 
set opened manually for loads above half load; these cause a discon- 
1 inuity in the curve. Multivalved turbines have discontinuities when 
(liich successive valve opens. 

Figure 12-27d shows a typical Willans-line family for a double auto¬ 
matic-extraction turbine. Curves are plotted for given values of extrac¬ 
tion flow. Some steam must always flow between the extraction point 
luid the exhaust to keep buckets from overheating from the windage 
loss. The limit line for minimum flow to exhaust indicates this; note the 
other limits plotted. 

I Jte turbine heat rate gives the amount of heat eneT'gy needed by the 
unit to develop one unit of output, the kilowatthour, given as Btu per 
kilmvatthour. Output may be measured at the turbine coupling or the 
g(‘iieiator terminals. The latter ineasureinent gives the cottibiu^^d 
tufhme-generator heat rate. Dividing this by the steam-generator effi- 
rinicy gives the station kmt rate. Figure 12-27^ shows the input-output 
Jind heat-rate curves for a turbine with a two-valve governor controL 
I \w ASME Power Test Code outlines the method of computing heat 
r'idi's; for example, for a complete expansion turbine 


HR = 


(TFi - W,)(h, - hf.) -f- W,(kj - hj,2) 
P, or P, 


(12-21) 


kor a regenerative-cycle turbine 


^ijhi — 6.fl) 

P, or Pr 


(12-22) 
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where some symbols have been previously explained and where 
HR = turbine or turbine-generator heat rate, Btu per kw r 
hr. = saturated liquid eAthalpy at exhaust pressure, Btu per lb 

= saturated liquid enthalpy at gland leak-off pressure Btu per lb 
h, = enthalpy of feedwater leaving last heater, Btu per lb 
This equation applies to a strictly regenerative turbine; consult t e 
Code for allowances such as extraneous leak-off steam from glands, co 
denser leakage, and condensate from steam-jet air pumps. 

To convert heat rate to thermal efficiency, 

3,413 (12-23) 

Turbine heat rates vary widely with operating conditions of inlet, reheat, 

and exhaust steam, turbine size, and the cycle. Table - gives 

survey of turbine generators and their heat rates. 


Load, 

kw 


12,650 

22,000 

33,000 

33,000 

44,000 

44,000 

66,000 

66,000 

66,000 

100,000 

100,000 

100,000 

150,000 

150,000 

150,000 

200,000 

200,000 

200,000 

250,000 

300,000 

350,000 


Throttle 
pressure, 
psig 


600 

850 

850 

850 

850 

1,250 

850 

1,250 

1,250 

2,400 

1,800 

1,250 

2,400 

1,8P0 

1,250 

2,400 

1,800 

1,250 

2,000 

2,000 

2,400 


Throttle 

temperature, 

op 


825 

900 

900 

900 

900 

950 

900 

950 

950 

1100 

1050 

950 

1100 

1050 

950 

1100 

1050 

950 

1000 

1000 

1000 


Reheat 

temperature, 

op 


1100 

1050 

950 

1100 

1050 

950 

1100 

1050 

950 

1000 

1000 

1000 


No. of 
extraction 
points 

Exhaust 
pressure, 
in. Hg 

Heat rate, 
Btu per 
kwhr 

4 

10 

10,205 

4 

1.0 

9,585 

5 

1.0 

9,440 

5 

2.5 

9,660 

5 

1.0 

9,275 

5 

1 .0 

8,900 

5 

) .0 

9,270 

5 1 

1.0 

8,915 

4 

1.0 ! 

9,000 

5 

1.5 

7,720 

5 

1 .5 

7,960 

5 

1.5 

8,400 

5 

1.5 

7,640' 

5 

1.5 

7,880 

5 

1.5 

8,340 

5 

1.5 

7,690 

5 

1.5 

7,860 

5 

1.5 

8,330 

7 

1.5 

7,68fl 

7 

1.5 

7,070 ' 

7 

1 5 

7,6;ti) 


12-17. Turbine Supervisory Instruments. Modern high-speed tur¬ 
bines must be precision-built to maintain the small clearances bet J'Oli 
rotor and stationary parts. During starting and stopping the turb n 
alternately heats and cools, and clearance must be maintained while tlin 
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parts expand and contract. To ensure continuous operation, the modern 
turbine has supervisory instruments to check on: (1) rotor vibration, 
(2) rotor position, (3) differential (rotor-casing) expansion, (4) rotor 
eccentricity, (5) casing expansion (axial), and (6) valve position and 
speed. Figure 12-28 shows the instruments and their location on a unit. 

12-18. Turbine Purchasing. Turbine specifications should give: 

Rating. Turbine kilowatts, generator kilovolt-amperes, power factor, 
short-circuit ratio, generator voltage, phases, frequency, and exciter 
characteristics. 



I'Ki. 12-28. General location and types of supervisory instruments for turbine opera- 
lion. Their indications are commonly recorded on charts mounted on a recording 
panel. {Courtesy of Westinghouse Manufacturing Corporation.) 

Steam conditions. Initial steam pressure, temperature, reheat pres¬ 
sure and temperature, exhaust pressure. 

Steam-extraction arrangements. Number, pressure, steam flow, for 
automatic or nonautomatic extraction. 

Air or hydrogen cooler. Temperature and pressure. 

Bill of material. The turbine is usually furnished with a standard 
h( 9, of accessories (stop and throttle valve, tachometer, turning gear, 
etc.); other than standard furnishing must be indicated. 

Shipping requirements. Weights and over-all dimensions as shipped. 

Terms of payment. Usually progressive, about 60 per cent paid while 
construction proceeds and 40 per cent shortly after delivery. 

Statement of escalation. Agreement for labor and material cost 
changes as construction progresses. 
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The standard price lists of a manufacturer give turbine-generator 
costs as a base price for given rating and steam conditions. Special 
accessories and features coet extra as shown by a separate price list. 
During periods of fast cost changes prices may be adjusted. 

Pp = P, X Cl X Ci (12-24) 

where Pp = present cost, dollars 
P^ — cost from price list 

C\ C 2 - correction factors for changing labor or matenal costs 
12-19. Turbine Testing. Manufacturers give their turbines functional 
tests but not full loads. These may be governor, oil system, overspeed, 
and others. They usually are not shop-tested at rated pressure, but 
they are run at rated speed with steam flow. 

Functional tests also check the generator in the shop, for example, 
the tightness of the hydrogen system. After erection the builder tests 
overspeed trips and checks all safety devices. The owner supplies labor 
to run a heat-rate test under the manufacturer’s supervision. The 
builder is usually responsible for the unit during the acceptance test. 
The manufacturer accepts responsibility for alterations if the per- 

formance guarantee is not met, which seldom happens today. 

12-20. Steam Engines. The reciprocating steam engine was the hrst 
type of prime mover used in power plants, but today it has been large y 
superseded by the turbine. In its most efficient forms the engine has a 
better heat rate than steam turbines, at capacities less than 1,000 hp. 

Steam engines can be reversed and run efficiently at variable speed. 
For certain applications the steam engine still offers economic advantagefl. 

Steam engines may be classed asi (1) single-valve counterflow, (2) foii^ 
valve counterflow, or (3) uniflow. Any of these three types may bo 
further classified: (1) as simple or compound; (2) as cutoff or thro ^ 
governed; (3) as condensing or noncondensing; (4) by type of valve 1 , 
piston, poppet, Corliss, etc.; (5) according to speed; or (6) as horizontal 

12-21. Indicator Diagram. An indicator makes it possible to study 
how steam expands in a cylinder as it acts upon or is acted upon by the 
piston. The indicator makes an automatic record of the variation in 

cylinder pressure with volume, a P-V diagram. . t / \ 

Figure 12-29 compares ideal and actual indicator cards. In (o) wn 
have a complete-expansion engine and in (6) an incomplete-expansion 
engine. In (c) we have the card of an actual engine. The instoii 
reciprocates through a stroke S. Port space needs and avoiding contant 
of piston and cylinder head dictate the requirement of a cleariuu'P 

volume V'. 
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The opening valve admits steam to the cylinder at A as the piston 
completes its exhaust stroke. Cylinder pressure quickly builds up to 
almost steam pressure at the inlet; as the piston reverses, steam flows in 
(admission) at about constant pressure to the cutoff point C, where the 
valve closes. Frictional and throttling pressure losses cause a small 
drop in steam pressure during admission. 

The steam expands to a lower pressure from C to 72, where the valve 
opens to allow steam to exhaust from the cylinder (to atmosphere in 
this example). The returning piston ejects the remaining steam at a 
pressure slightly above atmosphere because of throttling and friction 
in the exhaust valve. 



Fig. 12-29. Reciprocating-engine indicator cards. 


To cushion the piston and lessen inlet throttling losses, the release 
valve closes at K during the piston exhaust stroke. The trapped steam 
rises in pressure until the admission valve opens at A, 

Although throttling causes some efficiency loss, the major loss is 
caused by cylinder condensation and reevaporation. The metal of the 
(iylinder, piston, and valves alternately heats and cools as they contact 
hot inlet and cold exhaust steam. During admission, from A to C, some 
of the incoming steam condenses instead of working against the piston 
face. During the first part of process C to R some steam will be still 
(condensing. As the steam expands it cools below the piston and cylinder 
t(cmperature so that the low-pressure steam is partly reheated. But 
most of this heat energy is lost in the exhaust steam. 

Steam engines may exhaust at a range of pressures from below to 
above atmospheric pressure. This will place the atmospheric line in 
dilTcirent positions on the indicator card (Fig. 12-29c). The length of 
I he atmospheric line is proportional to the piston stroke. The pressures 
(Can be calculated from the spring calibration. These data help locate 
I Ik; P-V axis on the card. These cards prove very useful in properly 
Hel ling the engine valves. 

I )(;signers have established diagram factors based on actual experience 
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that enables them to estimate closely the indicated horsepower (ihp) and 
mean effective pressure (mep) of actual engines for given speed, engine 
type, and inlet- and exhaust-steam pressures. These factors are 


„ mep (actual indicator card) 

lagram actor (ideal indicator card) 


(12-25) 


Steam-engine performance can be improved several ways; by com¬ 
pounding the steam may expand in several cylinders in sequence. High- 
pressure steam enters the first cylinder, expands partly, and then exhausts 
to a second cylinder. The steam expands further in the second cylinder 
and may exhaust to waste or to a third cylinder. As many as four 
cylinders have been used by engines. These engines could develop 



Single valve counterflow Four valve counterflow Uniflow 

Fig. 12-30. Reciprocating-engine steam action within engine cylinder. 


large output but lost favor when steam turbines were developed with 
better efficiencies. 

12-22. Steam-engine Governing. Figure 12-29c gives a clue to the 
duties required of a governor. The card area must be varied to vary the 
load and maintain a constant shaft speed. 

Cutoff-governed engines do this^ by advancing or delaying cutoff C 
during the expansion or working stroke. C will advance to the left 
to reduce the work output of the cycle or will move to the right to increase 
the work of the cycle. 

In throttle-governed engines the cutoff C stays in a fixed position, 
but a throttle valve varies the steam pressure entering the cylinder. 
This raises and lowers the admission line to vary the area of the card, 
i.e., the work output. 

12-23. Basic Engine Types. Figure 12-30 shows the three types tjf 
steam engines: (a) single-valve, {b) four-valve counterflow, and (c) the 
uniflow. In (a) steam from a steam chest enters through a form of valve 
to the steam port leading to the cylinder. The piston moves through one 
stroke during the admission and expansion phases. During the I'overee 
piston motion the cooled steam exhausts through the same port to \m 
exhaust passage. This cooling of metal causes wasteful condensation 
during the succeeding stroke. 
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In (6), the four-valve counterflow (Corliss) design, cylinder condensa¬ 
tion has been reduced. Four separate valves control steam flow although 
the steam counterflows in the cylinder on each side of the piston. This 
design has low clearance volumes because of the short steam ports. The 
exhaust steam does not pass through the inlet port and cool it. The 
(mgine has a more complicated mechanical design to control the valves 
in proper sequence. 

The uniflow engine in (c) is the most efficient reciprocating engine 
built today. Steam enters one end of the cylinder and expands until 
the piston uncovers a ring of exhaust ports at the center of the cylinder. 
Most of the steam exhausts by blowing out here, which avoids marked 
cooling of the cylinder walls. This engine has full stroke compression 
and is satisfactory for condensing operation. For back-pressure opera¬ 
tion built-in clearance pockets prevent excess compression pressures. 
An auxiliary exhaust valve, mechanically operated, may be used to allow 
adding more steam per stroke to gain capacity. The auxiliary valve 
allows additional area to exhaust the steam than can be passed through 
the normal exhaust ports. 

12-24. Steam-engine Performance. Several ratios define the per¬ 
formance of steam engines. 

Brake horsepower (bhp) = (12-26) 

where n = rpm shaft speed 

F = net brake force, lb 
d = brake arm length, ft 

Indicated horsepower (ihp) = (12-27) 

oo,UUU 

where p = mep, psi 

A = piston area, sq in, 

N = number of cycles per minute = n 
L = length of stroke, ft 

2 545 

Indicated or brake engine efficiency = — ^ (<12-28) 

w{hi - h 2 )s 

where w = steam rate, lb per ihp-hr or lb per bhp-hr 
(hi — /i 2 )e = isentropic enthalpy drop for given conditions 

Mechanical efficiency = (12-29) 

2 545 

Brake or indicated thermal efficiency = —-r-r (12-30) 

w{hi — hf) ^ ' 

where hi = initial enthalpy at throttle, Btu per lb 

hf = enthalpy of saturated liquid at exhaust pressure, Btu per lb 
w = steam rate, lb per bhp-hr or lb per ihp-hr 
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These performance factors vary with load and usually are plotted on 
graphs with load as abscissa. The unit steam-rate curves prove the 
most practical for comparing performance. Figure 12-31 shows typical 
performance curves for a 1,000-hp uniflow engine with different inlet 
and exhaust conditions. This engine performs best at about half load. 
Design could make the engine perform best at full load if so desired. 



Table 12-3 shows average performance levels for engines of several types. 
The economy depends on the steam conditions, as indicated for tha 

uniflow engine. 


Table 12-3. Reciprocating-engine Steam Rates 


Engine type 

Dry-inlet 
steam pressure, 
psig 

Full-load steam 
rate, lb per 
ihp-hr 

Simple, high-speed, single-valve, noncondens- 

80-100 

30-35 

^^8 * * * ' 

Compound, high-speed, single-valve: 

150-200 

24-26 


150-200 

19-22 

Four-valve, simple, oountorflow: 

80-100 

24-26 

.. 

80-100 

20-22 

Four-valve, compound, oountorflow: 

160-200 

20-22 


160-200 

14-16 
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PROBLEMS 

12-1. A 7,500-kw and a 5,000-kw turbogenerator are installed in a plant operating 
with steam at 400 psig, 750 F, and a back pressure of 2 in. Hg. Steam data for the 
units in pounds per hour are as shown in Table P-1. 

Table P-1 


5,000 kw 

7,600 kw 

load 

load 





27,800 

51,100 

41,500 

75,000 


A system load of 9,500 kw is divided equally between the units. 

Calculate: 

a. Combined steam rate 

5. Average turbine heat rate 

12-2. A 6,000-kw straight noncondensing turbogenerator takes steam at the 
throttle at 400 psia and 600 F. Exhaust is at 10 psig, and the steam rate is 21.5 lb 
per kwhr. The generator and turbine mechanical losses are 8.0 per cent. 

Calculate: 

a. Over-all engine efficiency 

I). Exhaust-steam conditions 

12-3. A nonextraction back-pressure turbine receives steam at 350 psia and 200-F 
miperheat with exhaust at 25 psig. 

l'V)r a steam consumption of 35.0 lb per kwhr, calculate: 

a. Over-all engine efficiency 

/>. Over-all thermal efficiency 

12-4. Steam at 650 psia and 780 F is used in an extraction turbine having five 
pl't'HHure stages. Exhaust pressure is 1.0 in. Hg abs. Stage data are as shown in 
TiiJ>le P-2. 

Table P-2 


Stage 

No. 

Pressure, 

psia 

Stage efficiency, 
per cent 

1 

200 

81.3 

2 

70 

76.9 

3 

18 

74.3 

4 

3.5 

71.5 

5 

1.0 in. Hg. 

68.8 


Nicnin is bled from the third stage for process steam. 

It, Plot tlie condition curve, and determine the condition of the blod Htoam. 
h, (Calculate the process steam required in pounds per hour if 30 gpin of water is 
healed til rough a 120-F range, in a nonmixing heater. Assume timt the condensate 
IsavcH the heiit(T Huficooled 10 F. 
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ia-6. The data of Table P-3 were obtained from a straight-condensing turbine rated 
at 1,600 kw with steam at 215 ps^ and 500 F exhausting to a pressure of 2.5 in. Hg abs. 

Table P-3 


Load, kw 


400 

600 

800 

1,000 

1,200 


-1 

Throttle flow, 
lb per hr 

Load, kw 

7,500 

1,400 

10,000 

i,eoo 

12,500 

1,800 

15,000 

2,000 

17,300 

2,200 


Throttle flow, 
lb per hr 


19,700 

22.300 

25.300 
28,600 
33,000 


Plot the following performance curves; 

a. Input-output curve based on input in Btu per hour 

b. Steam rate 

12-6°The d^ta of^Table P-4 were obtained from a 3,000-kw straight-cwdensing 
turbine with steam at 400 psia and 700 F exhausting to a pressure of 2 in. Hg abs. 

Table P-4 


Load, kw 

Throttle flow, 1 

lb per hr 

1 Load, kw 

Throttle flow, 
lb per hr 

3,000 

2,250 

31,260 

24,075 

1,500 

750 

16,950 

10,125 


Plot the following performance curves; 
a. Input-output curve as the Willans line 
h. Steam rate 

c. Heat rate 

engine efficiency for an extraction turbine in a regenerative cycle based on the follow) 
-ingdata: 

Turbogenerator load, 100,000 kw 
Throttle pressure, 1,250 psia 
Throttle temperature, 900 F 
Exhaust pressure, 1.0 in. Hg abs 
Throttle flow, 915,000 lb per hr 
Extraction conditions as in Table P-5 
Table P-5 


Pressure, psia 

■ 

Extraction, 
lb per hr 

Pressure, psia 

Extraction, 
lb per hr 

645 

522 

254 

33,000 

65,100 

51,450 

103 

22.6 

6.9 

69,760 

42.100 

63.100 


Feedwater temperature leaving last heater, 485 F 
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12 - 8 . Determine the turbine heat rate and over-all engine efficiency for an extrac¬ 
tion turbine in a regenerative cvcle based on the following data; 

Turbogenerator load, 10,000 kw 
Throttle pressure, 380 psia 
Throttle temperature, 950 F 
Exhaust pressure, 1.0 in. Hg abs 
Throttle flow, 84,450 lb per hr 

Extraction conditions, 6,220 lb per hr at 125 psia, 5,420 lb per hr at 40.0 
psia, 6,760 lb per hr at 10 psia 
Feedwater temperature leaving last heater, 340 F 

12 - 9 . An industrial power plant must supply 100,000 lb per hr of dry saturated 
Htcam at 5.3 psig from the turbine exhaust. A boiler and turbogenerator are to be 
installed to meet an electric load of 5,500 kw. An over-all electrical and mechanical 
efficiency of 90.0 per cent and an over-all engine efficiency of 67.5 per cent are expected. 
(Calculate the boiler pressure and temperature to be used, neglecting line pressure 
drops. 

12 - 10 . Steam at 1,250 psia and 950 F drops 120 psi in pressure through an impulse 
H(,age. The nozzle makes a 15° angle with the blade entrance and is 92 per cent effi- 
ci(;nt. The blade is symmetrical, and blade friction reduces the relative velocity by 
12 per cent. Blade velocity ratio is 0.45. Determine the steam work against the 
hlade face per pound of steam flow per second. 

12 - 11 . A nozzle makes an angle of 17° with the blade direction of motion and dis¬ 
charges steam at 2,200 ft per sec. Blades 6 in. long are fastened to the disk, whose 
diameter is 3.5 ft. Blades are symmetrical, with 18° entrance angles. Compute the 
wheel speed (rpm) for smooth (shockless) entrance of steam on the blades. 

12 - 12 . A nozzle expands steam from 2,400 psia and 1100 F through a pressure drop 
of 250 psi. Compute the jet power for a flow of 750,000 lb per hr with a nozzle effi¬ 
ciency of 95 per cent. 

12 - 13 . A reaction stage receives steam at 600 psia and 580 F and expands the steam 
through a pressure range of 50 psi. A flow of 30,000 lb per hr occurs, and at this rate 
the stage has an efficiency of 76 per cent. Compute the blade work done by the steam. 

12 - 14 . Compute the heat rates of the 66-mw and the 100-mw AIEE-ASME 
Mtandard units. State carefully the basis for each computation. 

12 - 16 . Steam with a velocity of 2,000 ft per sec passes over a set of blades at the 
rate of 58,000 lb per hr. The nozzle angle is 15° at entrance, the blade entrance 
angle is 28°, the exit angle is 20°, and a relative velocity loss of 10 per cent occurs in 
the blade. 

(Compute; 

a. Blade power 

/>. Blade efficiency 

c. Blade velocity ratio 

12 - 16 . A mechanical-drive turbine has one set of nozzles and blades. Available 
oiUTgy to the nozzle is 120 Btu per lb, and 2,200 lb per hr flows. The blades are sym- 
itnd rical and have a blade velocity ratio of 0.45. The nozzle efficiency is 96 per cent, 
hladt^ friction reduces relative velocity by 8 per cent, and the blade entrance angle is 
22°. Draw a vector diagram as in Fig. 12-6a, and compute the shaft horsepower based 
(Ml 11 mechanical efficiency of 96 per cent. 

12 - 17 . A 10- by 12-in. double-acting uniflow engine has a 1,8-iii. piston rod and no 
liiil rod. Indicator-card data are as follows; 
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Head-end card, 1.32 sq in. 

Crank-end card, 1.44 sq in. 

Card length, 2.90 in.^ 

Spring scale, 80 psi per in. 

Brake arm, 60 in. long 
Net brake weight, 172 lb 
Speed, 250 rpm 

Calculate: 

a. Indicated horsepower 

b. Brake horsepower 

c. Friction horsepower 

d. Mechanical efficiency ’ . i ^ 

12 - 18 . A steam engine develops 60 bhp with dry saturated steam at 150 psia and 

exhaust at 18.0 psia. Steam consumption is 1,620 lb per hr. 

Calculate: 

a. Brake thermal efficiency * . , • 

h. Indicated engine efficiency based on 95 per cent mechanical efficiency 
c. Thermal efficiency of equivalent Rankine engine 

12-19 An 8- by 10-in. double-acting engine has a clearance volume ot 8 per cent. 
Estimate the indicated horsepower if expansion and compression follow the law 
^p^i.oo = (j^ based on the following data for a single-valve type. 

Cutoff, 40 per cent 
Average speed, 320* rpm 
Steam inlet pressure, 150 psig 
Exhaust pressure, 3 psig 

Terminal compression pressure = inlet pressure 

12 - 20 . A 9- by 10-in. double-acting engine operating at 320 rpm develops 45.0 ihp. 
Calculate the diagram factor from the following: 

Steam inlet pressure, 100 psig 
Exhaust pressure, 2 psig 
Cutoff, 30 per cent * 

Clearance, 8 per cent 

12-21 A 10- by 12-in. steam engine with steam at 100 psia has a connecting rod 
•30 in. lOTg. Calculate the crankshaft torque when the piston has moved 1.75 in. 
from the beginning of its stroke. The engine is single-acting. 

12 - 22 . A uniflow engine has a steam consumption of 17.0 lb per ihp-hr. Operation 
is under the following conditions: 

Steam pressure, 200 psia 
Steam temperature, 450 F 
Back pressure, 2.3 psig 

Calculate: 

a. Indicated engine efficiency 
h. Indicated thermal efficiency 

c. Exhaust-steam enthalpy and quality, assuming radiation losses 
indicated power 

d. Available process heat in Btu per hour if, at above rate, 500 bhp 
96 per cent mechanical efficiency and condensate returns at 150 F 


3.0 per cent of 
is developed at 
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12 - 23 . A steam engine operates under the following conditions: 

Steam pressure, 200 psia 
Steam temperature, 400 F. 

Condenser pressure, 4 in. Hg 
Engine efficiency, 52 per cent 

Calculate: 

а. Actual steam rate I 

б. Steam cost per year with steam at 40 cents per 1,000 pounds 1 1 

12-24. A steam-driven pumping engine delivers 28 X 10® gal per day of water. 

A pump discharge gauge shows 120 psig and is attached 10 ft above the center line, 
while the gauge on the suction side reads 15.1 in. Hg vacuum and is attached 3 ft 
below the center line. The pump duty is 97 X 10® ft-lb per million Btu based on 
pump work and hg — hf of steam. Steam pressure is 200 psia at 600 F. Exhaust 
pressure is 3.0 psia. 

Calculate: 

a. Pump horsepower 

b. Steam flow in pounds per hour 
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CHAPTER 13 


CONDENSERS 


as 


steam 



13-1. Condenser Theory. Power-plant cycles improve in efficiency 
the turbine exhaust pressure drops. By condensing the steam 

exhausted from a turbine the condensers 
maintain a low pressure at the exhaust. 
.Short connections between turbine exhaust 
and turbine inlet keep pressure drops low. 
Connections vary with size of equipment 
and design, from solid welded joints to 
water-sealed flexible joints. 

Condensers resting directly on founda¬ 
tions connect to the turbine with an ex¬ 
pansion joint, but condensers standing on 
spring supports may be connected solidly. 

Most power plants stand on the shore 
of a river, lake, bay, or ocean so that they 
have access to large volumes of cooling 
water. The water acts as the heat- 
removal agent in the condensers. Figure 
13-i shows schematically the two basic 
types: (1) surface and (2) direct-contact, 
or jet. Uncontaminated condensate can 
be recovered in surface condensers, since 
the cooling water does not mix with the 
condensing steam. Direct-contact con¬ 
densers mix the steam with the cooling 
water and are infrequently used in power 
plants. Steam pressure in a condenser 
depends mainly on the flow rate and 
temperature of the cooling water and on 
the effectiveness of air-removal equipment, 


'1 


am 


Condensing 

tWaier 


r 

Condensefe 

h. 


I wc 


cb) 

Fig. 13-1. Diagrammatic repre¬ 
sentation. (a) Direct-contact 
condenser; (6) surface condenser. 


Energy exchange in a condenser may be analyzed by means of the 
steady-flow equation (Fig. 13-1): 

(13-1) 
(13-2) 


Direct: 
Surface 


Wshi + Wch2 = (ws + Wc)h^ 
Ws{hi — hi) = Wcihi — / 12 ) 
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where Ws = exhaust-steam flow rate, lb per hr 
Wc = cooling-water flow rate, lb per hr 
h = enthalpy, Btu per lb (Fig. 13-1) 

'I'he exhaust-steam enthalpy may be found from the turbine condition line 
corrected for exhaust loss or by the energy relation 


h^ = 


hi — W ~ Q ~ ’Emh 
1 — Sm 


(13-3) 


where hi = exhaust-steam enthalpy, Btu per lb 

hi = prime-mover inlet-steam enthalpy, Btu per lb 
W = work output to turbine blades, Btu per lb steam 
Q = radiation or other heat loss, Btu per lb inlet steam 
2mh = enthalpy of turbine extraction steam, Btu per lb inlet steam 
2m = total extracted steam, lb per lb entering steam 
In a surface condenser: 


Terminal temperature difference = (steam temperature) 

— (cooling-water exit temperature) 

'riiis is usually 5 F or more. A low cooling-water temperature rise 
ludps keep condensing-steam pressures low. 

13-2. Surface Condensers, These units, shell-and-tube heat 
tixchangers, remove the unavailable energy and available energy degraded 
by irreversibilities from the plant cycle. Practically they maintain 
low exhaust pressures and recover the condensate to be recirculated as 
working fluid in the cycle. 

Figure 13-2 shows one form of condenser design and names the various 
parts. The surface condenser consists of a casing or shell with a chamber 
lit each end, called “water boxes.^^ Tube sheets separate the water 
boxes from the center steam space. Banks of tubes connect the water 
boxes by piercing the tube sheets; the tubes essentially fill the shell or 
Htcam space. Circulating pumps force the cooling (circulating) water 
through the water boxes and the connecting tubes. 

Tubing and water boxes may be arranged for single-pass or two-pass 
How of water through the shell. In single-pass (Fig. 13-2) water enters 
the right water box and flows once through all the tubes in parallel and 
loaves through the left water box. In two-pass (Fig. 13-3) water flows 
through the bottom half of the tubes in one direction, reverses in the 
far water box, and returns through the upper tubes to the near water 
box. Water enters and leaves through the same water box, which is 
divided into two chambers by a horizontal plate. 

A large cooling-water supply allows using single-pass units. The 
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water-temperature rise can be less than for two-pass, with less surface area 
since the logarithmic mean temperature difference (LMTD) increases. 
Limited cooling-water supplies leads to using two-pass condensers. 
Using more than two passes raises water-pumping costs to uneconomical 

levels in almost all cases. ^ ^ ^ 

Most modern condensers have divided water boxes, vertical partitions 
giving two parallel flow paths through the shell. This permits taking 
half the condensing surface out of service for cleaning while water flows 
through the other half to keep the unit running at reduced load. 


Positive or expansion joint 



Fig 13-2 Diagram of surface-condenser elements to establish terminology: a, Steam 
inlet- b air-vapor outlet; c, condensate outlet; d, circulating (cold-water) inlet; e, 
circulating (discharge-water) outlet; /. water box; g, water-box coverjji, condenser 
sheU- i, hotwell; j, tube sheet; k, tubes; I, tube-support plate; m, handholes or man¬ 
holes- n condenser-support bracket. {Reprinted with modifications from Slandardt 
for Steam Surface Condensers,” ith ed. Copyright 1955 by the Heat Exchange Institute, 
122 East 4:2nd St., New York 17, New York.) 

Figure 13-3 shows some water-box nozzle arrangements. Condenser 
design must account for the moments produced on the unit by the dif¬ 
ference in water pressure at the inlet and discharge connections. The 
shell and supports must be strong enough to support the condenser 
when completely filled with water in the steam space. This is done to 
check the tube tightness in the tube sheets. Handholes in the water- 
box covers give access to tubes for cleaning and replacement. 

Water boxes are often of cast iron, although bronze or fabricated steol 
with Neoprene and Koroseal linings have also been used. Newer unit* 
have fabricated-steel shells, while older ones have been cast. Crowi 
sections of all shapes may be found in condensers, though circular and 
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square are mostly used. Larger units over 50,000 sq ft usually have a 
rectangular or oval shape to get more surface in an area with limited 
Imadroom. 

The hotwell stores the conden- 
Hate and keeps a head on the con¬ 
densate pump. One or more air 
offtakes in the steam space lead 
accumulating air to the air-removal 
pump. The air offtakes carry a 
mixture of air-rich vapor, most of 
the vapor being recovered by 
condensation. 

13-3. Condenser Tubes. The 

i.ubes that provide the heat-transfer 
Hurface in the condenser are fastened 
into tube sheets, usually made of 
Muntz metal. Older designs have 
the tubes rolled into one tube sheet 
and fastened into the other with 
H()me sort of packing or ferrule, 
to allow for thermal expansion. 

Many modern designs have tubes 
rolled into both tube sheets, and for 
ultratightness tubes are welded 
into the tube sheet. An expansion 
joint in the shell takes care of ex¬ 
pansion in these designs. 

S upport sheets, usually steel, 
prevent the tubes from sagging 
Ix^tween tube sheets; they also help 
to partition steam for uniform distribution in the shell. 

Some typical condenser-tube materials include: 

Cupronickel 30%—70% Cu, 30% Ni, 0.5% Fe 
Aluminum bronze 5%—95% Cu, 5% Al 
Aluminum brass—76% Cu, 22% Zn, 2% Al, 0,05% Ar 
Admiralty—71% Cu, 28% Zn, 1% Sn, 0.05% Ar 
Muntz—60% Cu, 40% Zn 

('ondenser-tube water flows range from about 5 to 10 ft per sec. 

11 ighcr flows raise pumping-power need and erode tubes at their entrances, 
«liortcning their life considerably. Tubes are installed with an upwardly 
ho wed arc. This aids drainage in a shutdown condenser and helps 
prevent tube vibration. 



Two pass 
non-divided 
woter box 

Water enters and leaves 
front water box 

Two pass non-divided 
water box (front) 



Water 
enters and 
leaves 
both 
sections 
of front 
water box 

Two pass 
divided 

water box Back water box 

(front) 

Fig. 13-3. Typical arrangement of water- 
box nozzles with single- and dowi^/e-pass 
and divided and nondivided design. 
{Courtesy of Allis-Chalmers Manufactur¬ 
ing Company.) 
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As many as four low-pressure feedwater heaters have been installed in 
the condenser steam-inlet section (neck) in some recent units. This can 
be done when pressure fosses are low; the advantages are saving in 
machinery space and shortening the bleed pipe to the turbine. The 
latter reduces pressure los.ses in bleed steam, keeping cycle efficiency 
high. 



Fig 13-4. Grogs section of typical, large surface condenser Note sleam to™** •' 
improve flow conditions. A, steam inlet; B, support-pl^e cutouts; C, central steam _ 
lane; D, insulating baffles; E, air-exit lane; F, air offtake; G, dram pipes H, 
weirs for condensate reheating and deaeration; I, manhole; / strainer; A condens*t« 
pump suction; L, hotwell. {Courlesy of Worthington Pump and Machinery CorporaiiM, ) 


13-4. Tube-sheet Layout. The arrangement of tubes in the steaiflj 
space controls the effectiveness of the condenser. Older designs temlod 
to crowd a maximum number of tubes inside the shell to make as much 
surface available as possible. Modern designs have steam lanes between 
tube banks to get maximum steam flow with least pressure drop ami 
uniform distribution in the shell and to maintain constant steam velocitlcit 
over the tubes. 
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Baffles in the steam space direct steam flow for even distribution and 
keep steam away from the air-offtake zones (Fig. 13-4). Air offtake 
removes the air-vapor mixture by making it pass over the coldest tubes 
to wring out much of the vapor by condensation. This reduces the air- 
pump load. 



f'VG. 13-5. Steam-flow paths and air-removal sections of a condenser using the radial- 
llow principle: a, Steam inlet; h, air cooler; c, air-removal section; d, condensate. 
{(Courtesy of Wesiinghouse Electric Corporation.) 

Weirs cascade the condensate into sheets into a deaerating hotwell 
llirough an atmosphere of steam. This reheats the condensate if it has 
Ixien subcooled and boils out any dissolved gases. 

Figure 13-5 shows the tube sheet of a radial-flow condenser. Steam 
flows round the tube bundle and then in short radial paths toward the 
center air offtake. The air-cooler section surrounds an open passage 
connected to the air offtake at the cold end of the condenser. 

Figure 13-6 shows the internal construction of a large divided-water-box 
(wo-pass surface condenser. Air-offtake passages stand at the center 
of the steam space. Tube-support sheets hold tubes not shown, the 
lines indicating tube-hole centers. 
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13-6. Direct-contact Condensers. These units mix the cooling water 
with the steam to condense it. They are less expensive, can use fairly 
dirty cooling water and need less of it, and require little maintenance. 
The complete loss of condensate offsets these advantages, however. 
The incoming cooling water (Fig. 13-7) carries dissolved gases into the 
steam space to be liberated there. This reduces vacuum and loads up 
air-removal equipment. 


Fig. 13-6. Phantom view of typical surface condenser of iwo-yass divided-water-box 
design. A, exhaust from turbine; B, tube-support plate; C, air cooler; D, air offtake; 
Ej vent; F, circulating-water inlet; G, circulating-water outlet; Hy tube sheet; 7, to 
condensate pump; Jf hotwell; K, condensate drain tray; 7>, shell expansion joint. 
{Courtesy of Foster Wheeler Corporation.) 


These condensers have three forms: (1) barometric, (2) low-level jet, 
and (3) ejector jet. The barometric condenser (Fig. 13-7) uses the 
gravity head of the mixed condensate and cooling water to discharge 
it to waste. Supply water coming in above the condenser makes pumpH 


unnecessary. 

A low-level jet condenser can be placed directly under a turbine. 
It has the same mixing section as the barometric unit, but a pump 
replaces the long pipe needed for gravity discharge. 

The ejector-jet condenser also fits under a turbine; it has high-velocity 
water jets to condense incoming steam within a mixing head. 'I'be fanl- 
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i<j. i:i-7. Typical barometric condenser. Note that tail pipe must be long enough 
> contain an atmospheric head of water (34+ ft). {Courtesy of Ingersoll-Rand 
otfiptiny.) 
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moving mixture passes through a diffusing head to atmosphere. Water 
must be pumped to the condenser jets, but the diffuser removes the 
mixture to maintain vacuum. 

The three types have mixing heads performing the same function, 
but they use different methods of removing the water mixture. 

13-6. Condenser Auxiliaries. A condenser needs equipment to move 
cooling water through the tubes, remove air from the steam space, and 
drain condensate from the hotwell. Such equipment includes: (1) cir¬ 
culating- or cooling-water pumps; (2) condensate or hotwell pumps; (3) 
air-removal equipment; (4) priming ejectors; (5) atmospheric relief 
valve; ( 6 ) inlet-water tunnel, pipe, or canal; and (7) discharge tunnel, 
pipe, or canal. 

A condenser uses 75 to 100 lb of cooling water per pound of steam 
condensed. Large units need tremendous water Hows; to keep the pump 
work to a minimum, condenser elevation must be close to water level. 
The pump then needs to develop only enough head to overcome the flow 
resistance of the cooling-water circuit. Circulating pumps for con¬ 
densers are of three types: (1) centrifugal, (2) mixed flow, and (3) pro¬ 
peller (see Sec, 15-2). 

Clondensate pumps handle much smaller flows than the circulating 
pump.s. Thtiy mu.st deveh^p heads to push water through atmospheric 
pressure, pipe friction, heater water-circuit friction, and the elevation 
of the surge tank. These pump.s ha.ndle water at low absolute pressure, 
to prevent fla.shing the condensate, tiiey .stand below the hotwell to 
receive a positive suction head. Their specially designed glands prevent 
air leakage into the condensate. They are often in.stalled in duplicate, 
and over.sized to handle possible abnormal conditions. 

Noncondensable gases like air, carbon dioxide, and hydrogen get into 
the steam space of a condenser. They may enter through leakage at 
glands, valve bonnets, or porous walls or may be in the throttle steam. 
Those gases not dissolved by the condensate diffuse throTighout the 
steam space of the condenser. As these gases accumulate, their partial 
pressure rai.ses the condenser total pressure. The total condenser 
pressure is 

P, = Ps+ Pa (13-4) 

where P, = steam saturation pressure corresponding to steam tempera* 
ture 

Pa = air pressure (moisture-free) 

This equation shows that a low-temperature condensing water is needed 
to develop a low back pressure P Air must be removed constantly tO 
jj^ 00 p low. In removing this air it will always have some entrained 
vapor; the mixture must be compressed and discharged to atmosphore. 
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Though the mass of air may be low, its low pressure shows that it 
occupies a very large volume, which must be handled by the air-removal 
equipment. The air offtakes withdraw the air-vapor mixture from the 
steam space over a cold section of the condenser tubes (Fig. 13-8) or 
through an external cooler. This condenses part of the moisture and 



Kio. 13-8. Condenser cross section illustrating air-removal section across air-cooler 
I ii1k!8. (Courtesy of Elliott Company.) 

iiKU'oases the air-to-steam ratio. Steam jets or mechanical vacuum 
pumps compress the air to atmospheric. 

I'igure 13-9 shows a two-stage air ejector. Medium-pressure steam 
expands through a set of nozzles at high velocity. The steam jet entrains 
I lie air-vapor mixture from the air offtake and discharges to a higher 
pi'essure through a diffuser section. The high vacuum in a condenser 
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makes it economical to remove the air in two compression stages The 
two stages run in series with a small intercondenser between them to 
condense part of the vapor and jet steam in the mixture. _ Ihe jet of the 
second-stage ejector picks up the saturated air leaving the interc on denser 
and pressurizes it to atmospheric. The mixture flows through an after¬ 
condenser to remove the condensable vapor and discharges saturated 

air to atmosphere. . 

Condensers normally use steam-jet air ejectors with twin elements, 
one acting as a spare. The inter- and aftercondensers use mam con¬ 
densate to recover the heat. Condensate from the inter- and after- 



intercondenser second-stage ejector 

Fm 13-9. Cross section of two-stage steam-jet air ejector, showing 

Ition Main condensate used as cooling water for mteroondenser and aftercondeT.sor 

(Courtesy of Elliott Company.) 


condensers is trapped to the main condenser hotwell; Fig. 13-10 shown ll 

twin-element unit. , i ^ 

During starting, large condensers use “hogging jets to supplement 

the air ejectors and pull a vacuum in a shorter time. 

Steam jet ejectors are simple, reliable, and low in cost. work 

at low pumping efficiency, and the steam for the jets must be throUlea 
in high-pressure plants. This severely erodes the throttling valvfl*, 
entailing high maintenance. To avoid this, mechanical vacuum 
(Fiff 13-11) have been applied in some high-pressure plants. ^ »«y 

remove air during normal operation and start-up. A vis(u)us Hind, trl- 
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cresyl phosphate, maintains an airtight seal between rotor and casing. 
In condenser service a whirl-type separating chamber on the discharge 
side separates air and moisture. 

13-7. Condenser Performance and Installation. Figure 13-12 shows 
the important operating characteristic of a surface condenser. Each 


I'lo. 13-10. Two-stage steam-jet air-ejector installation. Aj Supply steam; B, air- 
\nit line; C, intercondenser; Z), aftercondenser; Ej first-stage jets; F, second-stage jets. 
{Courtesy of Elliott Company.) 


condenser can develop a certain vacuum or back pressure for given inlet 
rooling-water temperature and steam flow. These curves apply to a 
givcui cooling-water flow through the tubes. Another similar graph 
would be needed to show these relations with a different flow. 

Tlie vacuum drops (or back pressure rises) with increasing steam flow 
\il a constant cooling-water temperature and flow. Small changes in 
hack pressure markedly affect the turbine heat rate, and so plant sites 
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(a) ib) 


Fig. 13-11. Rotary air-removal pump has eccentric rotor that creates space for gas 
entering suction at top, while compressing previous charge to discharge to a separator. 
(Courtesy of Kinney Manufacturing Division^ The New York Air Brake Company.) 



Fig. 13 - 12 . Performance characteristics of typical surface condensiir. Curves am 
based on given circulating-water flow rate at all temperatures. 
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must be chosen to find the most favorable cooling-water conditions, 
higure 13-13 shows a typical surface condenser and its auxiliaries. 

Condenser performance depends greatly on the cleanliness of the tube 
luiat-transfer surfaces. Cooling water carries in debris and algae that 
foul up the tube interiors and reduce heat-transfer rates. Tubes may 



I' uJ. 13-13. Typical surface-condenser installation showing relation of auxiliaries to 
('< Hide user. (1) Prime mover; (2) expansion joint; (3) circulating pump; (4) intake 
luiim']; (5) discharge tunnel; (6) priming ejector used to fill pump when starting; (7) 
r(Mid(‘nsate pump; (8) liquid-level control; (9) steam-jet air ejector; (10) atmospheric 
tclief valve. Drains and traps are essential accessories, as also are meters and gauges. 
{Courtesy of Allis-Chalmers Manufacturing Company.) 

Ih' clciined by shooting plugs and brushes through them with compressed 
nil*. A new method periodically injects slightly oversized rubber balls 
ih'u the cooling-water inlets so that the water carries the balls through 
I lie ( iihcs to rub them clean. A separator removes the balls automatically 
IKmi the water at the condenser outlet. Another method reverses the 
flow through the condenser tubes at intervals to flush debris off 
lln' tube sheets. A reverse-flow valve may be used to do this, or more 
n'r(‘n(Iy reverse-flow pumps have been made available. 
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If cooling-water flow should be accidentally interrupted, a relief valve 
must release exhaust steam to atmosphere to prevent building up a 
destructive pressure in the ^condenser shell. This may be a vertical-lift 
valve that starts to open at pressures slightly above atmospheric and is 
fully open at 5 to 10 psig. Another scheme uses rupture disks in the 
turbine exhaust hood. These fail at specified pressures and release 
exhaust steam into the turbine room. 

PROBLEMS 

13-1. Determine the air-to-steam ratio in a condenser for the following conditions: 

Pc = 2 in. Hg abs 
U .= 90 F 

13-2. Calculate the condenser pressure based on an air-to-steam ratio of 0.088 and 
a condenser temperature of 92 F. 

13-3. Estimate the pressure in a condenser which receives 25,000 lb of steam of 
89.0 per cent quality per hour. Steam temperature based on condensing water is 
expected to be 92 F, and air leakage is 18 cu ft of free air (14.7 psia and 60 F). 

13-4. A jet condenser discharges water at 98 F with inlet water at 46 F. Con¬ 
denser pressure is 3 in. Hg abs.* Calculate the pounds of condensing water per pound 
of exhaust steam with a quality of 88 per cent. 

13-6. The pressure in a surface condenser is 1.5 in. Hg abs. Condensing water 
enters at 50 F and leaves with a terminal temperature difference of 10 F compared 
with the steam. The condensate is subcooled 5 F. A turbine of 2,000 kw capacity 
with a steam rate of 14 lb per kwhr exhausts 85 per cent steam to the condenser. 

Calculate: 

a. Pounds of condensing water per pound of steam 

h. Gallons per minute of condensing water 

13-6. A 10 ,000-kw turbine uses 12.0 tb of steam per kilowatthour at rated loadr 
Steam conditions are 600 psia and 750 F with exhaust at 1.0 in. Hg abs. Condensate 
is subcooled 5 F, and turbine losses to friction and heat transfer amount to 2 per cent 
of turbine output. 

Calculate: 

a. Enthalpy of exhaust steam in Btu per pound 

b. Gallons per minute of condensing water based on 10-F rise 

13-7. Estimate the steam flow to the steam jets of a one-stage air-removal system 
in pounds per hour and as a percentage of steam flow to the turbine from the follow* 
ing data: 

Turbine rating, 25,000 kw 
Water rate, 9.5 lb per kwhr 

Initial steam to the jets dry-saturated at 400 psia 

Nozzle efficiency, 95 per cent 

Efiiciency of steam jet compression, 4 per cent 

Condenser pressure, 2 in. Hg abs 

Air-outlet temperature, 70 F 

Air flow, 30 lb of dry air per hour from condenser 

Exponent for compression of vapor-air mixture, 1.46 
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13-8. A two-pass divided-water-box condenser has 45,700 sq ft of heat-transfer 
surface consisting of l-in.-OD 18 Bwg Admiralty-metal tubes 28 ft long. Steam- 
turbine exhaust at 1 in. Hg has a flow of 480,000 lb per hr with an enthalpy of 985 Btu 
per lb, while condensate leaves at 77 F, Circulating water entering at 52 F under¬ 
goes a 14-F rise. Calculate the over-all heat-transfer coefficient. 

13-9. Discuss the effect of summer operation of the condenser in Prob. 13-8. 
Based on an assumed inlet circulating-water temperature and other reasonable 
assumptions, approximate the condenser pressure for this condition. 

13-10. A small nonextracting 10,000-kw turbine has a guaranteed steam rate of 
12.4 lb per kwhr when exhausting at 1 to 5 in. Hg abs. Cooling water is available at 
65 F, and for design purposes l3^^-in.-OD 16 Bwg brass tubes are specified, with a 
15 F rise in cooling water, which circulates at 5 ft per sec. Steam is at 92 per cent 
quality on entering the condenser, and it is presumed that fouling will decrease the 
over-all coefficient by 30 per cent during operation. Inside and outside film coeffi¬ 
cients are 960 and 1474 Btu per hr-sq ft-°F, respectively, and k of the tubes is 62 Btu 
per hr-sq ft-°F-ft. Design a condenser for this turbine, considering tube and bound¬ 
ary resistances as flat surfaces and neglecting any crossflow factor. 
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CHAPTER 14 

FEEDWATER HEATERS AND EVAPORATORS 


14-1, Feedwater Heating. In most power plants the main condensate 
returns to the steam generator as feedwater. Some make-up may be 
added to replace losses in the cycle. In a few plants the boiler feedwater 
may be 100 per cent make-up; in this case the plant turbines exhaust at 
back pressures above atmospheric to supply steam for other purposes. 
Feedwater is heated by bleeding steam to heaters as in a regenerative 
cycle from the main turbine, or by using exhaust steam from auxiliary- 
drive turbines, or by by-product steam from processes. 

Feedwater heating with steam at a lower pressure than boiler pressure 
usually raises over-all plant efficiency. Early plants had a simple open 
heater which received steam from back-pressure turbines or engines driving 
plant auxiliaries and which heated the main condensate to 212 F at 
14.7 psia. Smaller industrial plants still use this scheme. 

Modern central stations have as many as ten heaters bleeding steam 
at successively lower pressures from the main turbine. The condensate 
and feedwater flow through these to be heated in steps to feedwater 
temperature. 

Feedwater heaters may be classified as; (1) open, direct-contact, or 
mixing heaters (simple or deaerating) or (2) closed, noncontact, or surface 
heaters. Heated feedwater enables steam generators to produce more 
pounds of steam and avoids severe thermal stressing by cold water enter¬ 
ing a hot drum. Preheating feedwater also causes scale-forming dis¬ 
solved salts to precipitate outside the boiler and removes dissolved oxygen 
and carbon dioxide, which corrode boiler metal. 

14-2. Direct-contact, or Mixing, Deaerating Heaters. In a deaerating 
heater entering water spills over trays or sprays through nozzles to make 
it present a maximum surface, for heat transfer, to the atmosphere of 
steam filling the heater. This also removes all dissolved O 2 in excess of 
0.03 ml per 1 from the water. A unit that reduces the O 2 to 0.005 ml is a 
deaerator. 

Adding sodium sulfite (Na2S03) to the feedwater or boiler water reduces 
any remaining dissolved O 2 to a tolerable minimum. Rising tempera¬ 
tures reduce the solubility of gases in water; at boiling, gas solubility 
approaches zero. 
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Fiii. 14-1. Spray deaerator of vertical reboiling type with external vent condenser. 
hiil,eriiig water acts as the coolant in the vent condenser and is then sprayed in a steam 
III itiosplicre and heated almost to steam temperature. Noncondensable gases are 
rnnoved through a vent condenser before discharge to the atmosphere. Hot, partially 
(leat'rated water flows to the scrubber for final deaeration and then to the storage 
ii'Mervoir. {Courtesy of The Permutit Company.) 


Dcnxeration may take place at any pressure or vacuum. Heating 
rrl(‘!i,scs the gas from the water in minute bubbles that tend to stay 
('III,rained. These can be removed by agitating or stirring the water 
1 iirbulcntly. 

'The deaerating heater and deaerator mix steam and water to heat the 
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water to saturation temperature; they also agitate the boiling water to 
remove entrained gases and vent them to atmosphere. Most heaters 
have a storage tank below ^ith controls to add make-up water as needed 
to maintain feedwater flow. The heating steam may be main-turbine 
bleed steam or may be from other sources. 



it v£«r!D 


VEHT CQN{]EHSER 
ARE ALSO DEAERATED 


•Lim MB, 

SEBARJlTlHr mn 


Fig. 14-2. Combination type of deaerator. Entering water acts as the coolant in tlie 
vent condenser and then enters the spray distributor and is sprayed upward. Heated 
almost to steam temperature, with most of the noncondensable gases removed, the 
water falls over the tray rack. Cascading through heating and air-separating trays, 
the water reaches steam temperature with further gas removal. It then passes into 
the storage reservoir. (Courtesy of Cochrane Corporation.) 


Figure 14-1 shows a spray type of deaerator in which the water sprays 
through an atmosphere of incoming steam. A mixture of noncondensable 
gases and steam flows out to a vent condenser. Here the incoming cold 
feedwater condenses most of the steam, which flows back into the heater, 
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and the saturated gases vent to atmosphere. Figure 14-2 shows a com- 
binatioUj or spray-and-tray, type of deaerator. The entering steam 
passes down at the top to meet sprayed inlet water. Both flow down 
over a series of two sets of trays. The upper set completes the heating 
process, and the lower set completes the gas separation. Released gas 
with some steam passes out to the vent condenser. 

In a simple tray type of unit the feedwater after passing through the 
vent condenser enters the heater, falls on trays, and works its way down 
from tray to tray in a zigzag course, being heated and deaerated all the 
way. 

In entering a deaerating heater steam meets the hottest water first to 
eliminate the last part of the gas. It carries the gas as it flows through the 
heater and picks up additional gas. Most of the steam condenses as it 
heats the water. The remaining steam, with a high gas content, reaches 
the top of the heater and on meeting incoming cooler water almost com¬ 
pletely condenses. The residual steam, rich in released gases, leaves the 
heater for the vent condenser. 

The vent condenser uses incoming cooler feedwater as a coolant. This 
condenses most of the residual steam, which flows back into the 
heater. Vent condensers may be direct-contact or shell-and-tube 
types. Positive-pressure heaters vent the gas by blowing it to atmos- 
|)here. Heaters under vacuum vent to the main condenser or use a 
vacuum pump. 

Stainless-steel or Monel deaerator internals resist corrosion. A con¬ 
trol valve automatically admits make-up when the heater water level 
falls too low or passes heated water to a storage tank if the level rises 
too high. 

14-3. Closed Feedwater Heaters. These shell-and-tube units ordi¬ 
narily use bleed steam for heating. The steam condenses on tubes 
(tarrying the feedwater. Low-pressure heaters may use steam under 
vacuum and high-pressure heaters at pressures above 600 psig. Steam 
and water need not be at the same pressure, and one pump may push 
water through several heaters in series. Water pressure may be as high 
n-s 4000 psig. Heater performance may be based on the first-law equation, 

Ws{h, - h,) = Wf(h, - h,) (14-1) 

where Ws = steam flow to heater, lb per hr 

Wf = feedwater flow through heater, lb per hr 
h\ = inlet-steam enthalpy, Btu per lb 
h 2 = leaving-condensate enthalpy, Btu per lb 
= inlet-feedwater enthalpy, Btu per lb 
= leaving-feedwater enthalpy, Btu per lb 
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1. Shell 

2. Shell cover 

3. Shell channel end flange 

4. Shell cover end flange 

5. Shell nozzle 

6. Floating tubesheet 

7. Floating head 

8. Floating head flange 


Impingement baffle 
Longitudinal baffle 
Vent connection 
Drain connection 
Test connection 
Support saddles 
Lifting ring 


{Courtesy of Tubular 


\ 


9. Floating head backing 16. 

■device 17. 

10. Stationary tubesheet 18. 

11. Channel 19. 

12. Channel cover 20. 

13. Channel nozzle 21. 

14. Tie rods and spacers 22. 

15. Transverse baffles or 
support plates 

Fig. 14-3. Nomenclature of typical heat-exchanger parts. 

Exchanger Manufacturers Association, Inc.) 

If the heater receives high-pressure condensate drained from another 
heater, this equation must be expanded to include such items. 

The heavy water tubes used in heaters make the latter contribute 

considerably to the total cost. 
Heaters use as many as six passes 
to place them in series. Tube 
arrangements include: (1) the j 

nonremovable straight-tube bundlOj 

(2) the hairpin bent U-tube bundle, 

(3) the outside packed floating 
head, and (4) the full internal float- ' 
ing head. Figure 14-3 shows A 
two-pass heat exchanger with an 
internal floating head. 

Heaters also vary in shell design, 
channel layout, and rear-end enclo¬ 
sures. They may be placed vertl* 
cally or horizontally. Shells have 
an expansion joint when tubes am 
welded into the tube sheets. Many 
heaters using superheated steam 
have drain-cooling and desuperheats 


Condensate 

level 




Fig. 14-4. Drain cooling and desuper¬ 
heating action in a feedwater heater; a, 
incoming steam (superheated in high- 
pressure heater); h, leaving condensate; c, 
incoming low-temperature feedwater; d, 
leaving high-temperature feedwater. 
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ing sections. Figure 14-4 shows that by having superheated steam heat 
I the hottest water and condensate heat the lowest-temperature water the 
I heat-transfer irreversibility is reduced. Separate drain coolers may be 
tised instead of integral sections. Figure 14-5 shows a modern high- 
j pressure feedwater heater with a U-tube bundle and both desuperheating 
and drain-cooling sections. 



, Fig. 14-5. Modern high-pressure feedwaUtr heater willi integi’al desuperheating and 
i 1 1 ruin-cooling section. (Courtesy of A Ico Products, Incorporated.) 



14-6. Methods of condensate removal, (a) Flashing through a trap to a lower 
pt'cHHUre; (b) pumping condensate into main feedwater line. 

I^dr good performance heaters must be drained and vented. Shell vents 
discharge gases to the next low-pressure heater or the main condenser 
under control of an automatic valve, for heaters working under vacuum, 
laivel controllers maintain the heater condensate at the proper height to 
prtwent live steam discharging through the drain or avoid the flooding of 
(lie tubes. 

Fleater condensate may be trapped to a lower-pressure heater, whore 
part of it flashes into steam, or alternatively it may be pumped into tho 















































































294 


STEAM POWER PLANTS 


feedwater line leaving the heater (Fig. 14-6). Relief valves protect the 
heater shell against overpressure, as well as the tubes. 

14-4. Heater Design. The Standards of the Bleeder Heater Manufac¬ 
turers Association, Inc., outline the basic method of designing heaters. 
Figure 14-7 shows some of the recommended data to be used as follows. 

tat = ts — O.StLMTD (14-2) 

where tat ~ average film temperature, F ^ 
ts = saturation temperature of steam, °F 
thMTD = logarithmic mean temperature difference, F 
Heat-transfer rates above those for 250 F film temperature should not 
be used. These rates apply to steam from turbine exhaust or bleed, from 



U I c. jT s/y • « 

Tube water velocity, ft/sec at 60 F 

Fig. 14-7. Bleeder-heater heat-transfer rates. Note; Do not exceed the 250-F rata. 

{CmiTtesy of Bleeder Heater Manufacturers Association, Inc.) 

evaporator outlet or boiler, and when the feedwater is like that used in ii 
closed cycle. The standards specify that a closer approach than 2 I 
to saturated steam temperature should not be used in a simple con¬ 
densing heater or in the condensing zone. Heat-transfer rates must rm 
adjusted by multipliers for various conditions. If either steam or water 
differs in quality from that specified, the rates are multiplied by 0.8B1 

if both differ, by 0.72. ,, i.. i n i 

Size and metal type need adjustments as shown in Table 14-1. DnUti- 

cooling zones should be designed for a terminal difference of not lc'« 
than 10 F between the shell drain and tube inlet. 
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Table 14-1. Multipliers for Base Heat-transfer Rates 
(For tube OD ^ to 1 in.) 


Bwg 

Tube material 

Ars- 

Cu 

Admiralty 

90/10 

Cu-Ni 

80/20 

Cu-Ni 

70/30 

Cu-Ni 

Monel 

18 

1.00 

1.00 

0.97 

0.95 

0.92 

0.89 

17 

1.00 

1.00 

0.94 

0.91 

0.87 

0.85 

16 

1.00 

1.00 

0.91 

0.88 

0.84 

0.82 

15 

1.00 

0.99 

0.89 

0.86 

0.82 

0.79 

14 

1.00 

0.96 

0.85 

0.82 

0.77 

0.75 

13 

0.98 

0.93 

0.81 

0.78 

0.73 

0.70 

12 

0.95 

0.90 

0.77 

0.73 

0.68 

0.65 

11 

0.92 

0.87 

0.74 

0.70 

0.65 

0.62 

-10 

0.89 

0.83 

0.69 

0.66 

0.60 

0.58 

9 

0.85 

0.80 

0.65 

0.62 

0.56 

0,54 


wall friction loss.psi per ft of stroight trovel for D=l ia 
0 0.05 0.10 0.15 0.20 0.25 

I , I ,1 I I 1 1, '| i I M ‘,l|| i ||' i |,‘ M 'f b * V 

0 I 23456769 10 II 12 

Woter velocity (at 60F), ft per sec 

Fo* correction foctor 

0.746 

1.0 0.95 0.90 0.85 0.80 0.75 (min) 

''''''' ' ''I' I I I ^ i'I I ‘i I ‘i I i"i I I *I I 1 1 

70 100 150 200 250 300 350 

Average water temperoture, F 


0.746 0.750 0.760 Fz 

[-|I- , L ,1 |l V I|ll| G |ll| 

360 400 450 Avg water temp, F 

I'Vi. 14-8. Heater-pressure-drop correction factors. (Adapted from Bleeder Heater 
Manufacturers Association, Inc.) 

'i'he pressure drop of feedwater flowing through seamless drawn tubing 
hi (he heaters is figured as 

^ F,F2(L + 5,5D)N 

^P = - ^1.^4 

wIktc Ap = pressure drop, psi 

7^1 = correction factor from scale, Fig. 14-8 
F 2 = correction factor from scale, Fig. 14-8 
fj = total lin ft of tubing divided by number of tube holoH in 
one tube sheet 
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D = tube ID, in., from Table 14-2 
N = number of passes 

In figuring Fi the average water temperature is equal to U — tLMTD- 
Table 14-2. Febdwatbr-heateb Tube Constants 


Tube 

%-in. OD 

^-in. OD 

%-m 

. OD 

Bwg 

D 

7)1.24 

D 

7)1.24 

D 

7)1.24 

18 

0.527 1 

1 0.452 

0.652 

0.589 

0.777 

0.731 

17 

0.509 

0.433 

0.634 

0.567 

0.759 

0.710 

16 

0.495 

0.418 

0.620 

0.554 

0.745 

0.695 

15 

0.481 

0.404 

0.606 

0.538 

0.731 

0.678 

14 

0.458 

0.380 

0.584 

0.514 

0.709 

0.652 

13 



-0.560 

0.488 

0.685 

0,625 

12 



0.532 

0.457 

0.657 

0.594 






0.635 

0.570 

XL 

10 





0.607 

0.538 


The pressure drop through heaters is important in determining the 
condensate- and feed-pump pressures needed. The optimum heater 
arrangement has the temperature rise per heater eciual to the boiler 
saturation temperature minus the condensate temperature divided by 
1 plus the number of heaters. 

Feedwater heater performance is given by: pressure drop in tubes, 
terminal temperature difference, and hotwell depression. Water 
velocitie.s may range to above .50 ft per see. Check valves in the bleed- 
steam line protect the turbine against burst water tubes. The terminal 
temperature difference equals the condensing temperature minus the leav¬ 
ing feedwater temperature. It may range from 5 to 20 F. Ilotwel 
depression is the difference between steam saturation temperatuie and 
condensate temperature in the heater hotwell. 

14-6. Miscellaneous Heaters. Water may also be heated by “wtiato 
heat” in a variety of heater arrangements. Some of these are: (1) the 
blow off heat exchanger, (2) the turbine lube oil cooler, (3) generator 
air and hydrogen coolers, (4) the steam-jet air-ejector condenser, (5) the 
deaerating vent condenser, (6) the evaporator condenser, and (7) the 
drain cooler. These shell-and-tube heaters usually are in series with tlio 
main feedwater heaters. Heater placement depends on availaldc 
tempo rat ure differences. For example, the blow off heat exchanger 
using high-temperature boiler water is before or after the high-pressiint 
heater, while the steam-jet air-ejeetor condenser often is the first heat 

ex(;hai)ger in the feedwater system. 

14-6. Evaporators. Evaporators produce distilled Wiiter for niake-np 
iu penver plants. They prove economical where tUe ninke-np iH not 
more t han about 5 per cent of the maximuTU water (lt)W. 
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Figure 14-9 shows a shell-and-tube evaporator that holds raw water 
in the shell submerging the steam-carrying tubes. The steam heat boils 
off the raw water to vapor, which leaves through the moisture separator 
and enters a separate feedwater-cooled condenser or a deaerator. This 
is a single-effect evaporator; they may be placed in series, the vapor 
from one evaporator acting as heating steam in the next one. 


14-9. Typical horizontal evaporator. To aid scale removal, the tubes in this 
dcsi^;!! are initially bowed and in operation bend farther and so crack off scale deposits. 
Note the blowdown connection to keep salt concentration low and the moisture sopii- 
i iilor to prevent carry-over. 

ICvaporator-shell pressures vary from a vacuum to about 200 psig. 
Tin; evaporator may be vertical or horizontal. Evaporators nlmuld have 
ample vapor-releasing surface to minimize carry-over, which carries a 
liigh salt content. Mechanical separators remove entrained drops. 

(^)ntinuous evaporation of the raw water leaves holiind an increasing 
(MMHHMitration of salts in the shell. These must bo blown down con- 
liiuiously or at intervals. Scale forming on the tul)OH retards heat 
Iniiisfer. Accumulated scale may be removed by draining Uio shell 
Mtid spraying the tube bundle with cold water while the sUaun keeps the 
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tubes hot. Thermal shock cracks off the scale, and spray washes it for 
removal through a bottom drain. 

In Fig. 14-9 the tension ifars keep the floating head from free movement 
and force the tubes to bow when they heat. Filling the shell quickly 
with cold water straightens the tubes and cracks off the scale. 

14-7. Plant Layout. Figure 14-10 shows a typical utility cycle layout 
with four feedwater heaters, an evaporator, and miscellaneous heat 



Fig. 14-10. Schematic layout of a central station to illustrate general relationship of 
equipment use in feed heating cycle. ^ 

exchangers. Industrial plant layouts vary widely depending on the 
product of the manufacturing plant and its need for electric power anO 
steam at various pressures. 


PROBLEMS 


14-1. Exhaust steam from an engine is used for process steam and in an open festi* 
water heater. Steam at exhaust has 30 per cent moisture and is at 18 psia. Fuath 
water rises 130 F in temperature from an inlet temperature of 60 F. Calculate the 
percentage of exhaust steam going to the process lines. 

14-2, A closed feedwater heater receives 617,590 lb of water per hour, wli fln 
increases 55.1 Btu per lb in enthalpy in passing through. The following hufttlni 
flows enter the heater: 

Table P-1 


FlmVj Ih per hr 

Higher-pressure heater condensate, 37,280 
Turbine gland leakage, 9,180 
Feedwater pump leakage, 63,400 


hj Btu per Ih 
360.7 
1360.0 
366.2 
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Calculate the bleed steam required if bled steam at the heater is at 90.9 psia and 
■Md h with the condensate leaving saturated at the heater presaure 

14-3. 8]«cify the trap capacity needed in pounds per hour for draining a closed 
feedwater heater if 40,000 lb of water per hour enters at 280 F and leaves at 325 F 
Hleam bled from the turbine is at 330 P and has 3 per cent moisture. The conden- 
sate IS subcooled iO F, and the radiation loss amounts to 5 per cent of the heat given 
to heat the feedwater. 

14-4. Calculate the make-up water produced per hour in a double-effect evaporator 
Operating under the following conditions: 

Table P-2 



First effect 

Second effect 

Inlet water. .. . 

58 F 

14.0 psia 
SF 

58 F 

4.0 psia 

6F 

Evaporator pressure. 

Condensate subcooled 



I he first effect receives 850 lb per hr of heating steam at 35 psia and a quality of 
IIK.O per cent. 

14-6. A deaerating feedwater heater has the following flows at one poiht of oper- 
ation: ^ ^ 

Leaving feedwater, 800,000 lb per hr at 50 psia 

Dram inflow, 72,000 lb per hr averaging 380 Btu per lb enthalpy 

Entering feedwater, 175 F 

Turbine bleed steam, 50 psia, 320 F 

Calculate the amount of (a) bled steam from turbine; (6) entering feedwater. 

14-6. A feedwater heater is to be designed for the following conditions: 

Bled steam, 33,000 lb per hr, 600 psia, 530 F 
Entering feedwater, 455 F 
Terminal temperature difference, 4 F 
Condensate subcooling, 10 F 

Tube data, J^-in.-OD Monel metal, 14 Bwg, water velocity 540 ft per min 
('ahmlate the tube length for a two-pass heater. 

14 - 7 . Sketch a flow diagram for a plant with the following equipment and flow 
IIHMih: 

Turbine: 

No. 1 bleed to high-pressure closed heater 
No. 2 bleed to intermediate-pressure closed heater 
No. 3 bleed to deaerator 
No. 4 bleed to low-pressure closed heater 
Heater No. 1 and 2 condensate flashed to next heater; heater No. 4 con¬ 
densate pumped 

Evaporator, steam from No. 2 turbine bleed, discharge to deaerator, drain 
to deaerator 

MiscellaneouB heaters, hydrogen cooler, ejector condenser 
Major pumps, main condensate, boiler feed takes suction from deaerator 
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14 - 8 . Sketch a flow diagram for a double reheat plant with the following equipment ] 
and flow paths: 

Turbine, superpreLure, very-high-pressure, high-pressure, double-flo*y 
intermediate-pressure, and double-flow low-pressure sections 
Reheater, one between very-high-pressure exhaust and high-pressure iidetji) 
second between high-pressure exhaust and intermediate-pressure inlet 
Pumps. Motor-driven condensate pump discharges through dram cooler 
gland condenser, 1st heater, drain cooler, stack economizer, 3d heat^, 
to 4th deaerator; motor-driven low-pressure boiler feed pump discharg^ 
through 5, 6, 7, 8, 9 closed heaters in series to intermediate-pressur^ 
motor-driwn boiler-feed-pump inlet, which in turn discharges to 4 
steam-turbine-driven high-pressure boiler feed pump 

^^itTheater receives steam from low-pressure bleed point, condensate to, 
drain cooler then flashed to condenser; 1st heater also has a hot-watofj 
coil to supply heat to air tempering heater 
2d heater is a stack economizer [ 

3d heater receives steam from low-pressure bleed point j 

4th heater receives steam from intermediate-pressure bleed | 

5th heater receives steam from intermediate-pressure bleed ' 

6th heater receives steam from higli-pressure exhaust before reheat and \ 
from feed-pump turbine exhaust 

7th heater receives steam from high-pressure bleed i 

8th heater receives steam from high-pressure bleed i * 

9th heater receives steam from very-high-pressure exhaust before reho4l| 
the boiler feed-pump turbine is also supplied from the very-iu|tlH^ 

pressure exhaust i i r vr h 

All heater condensate flashed to-next lower heater except that from No. S, 

which is pumped to deaerator 

14-9 A low-pressure feedwater heater is designed for condensate that enter# lil I 
g],0 F and leaves at 179.8 F. Extraejed steam at the rate of ^ 

enthalpy of 1185 Btu per Ih enters the heater, together with a flow of 77,oOO Ih per i f 
of drate at h = 173.4 Btu per lb from the higher-pressure heater. Enth^py of UlB 
shell-side liquid is 152.5 Btu per lb when leaving. The LMTD la 32 F, and the OVON 
' all heat-transfer rate is 6^0 Btu per hr-sq ft- F, I 

a. What is the temperature of the condensing steam? | 

b. At approxiftiately what pressure is the heater operatmg? I 

e. How many pounds per hour of condensate are flowing? j 

d. What surface area is required? u r^^Uniiihl 

e. - If the velocity through the tubes is 5,9 ft per sec, compute the number and bnilH I 

of No. 18 Bwg tubes required. I 
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CHAPTER 15 


POWER-STATION PUMPS 


16-1. Pump Applications. Power plants need pumps for various 
H(U’vices with the general features shown in the following table: 


Service 

Head 

Capacity 

Boiler feed. 

High 

Medium 

Circulating water. 

Low 

High 

Condensate. 

Medium 

Medium 

Heater ilrains. 

High 

Low 

Service water. 

Medium 

Medium 

Trtsated water.. . 

Medium 

Medium 

Evaporator feed.. 

High 

Low 

Well water.. 

Medium 

Medium 

Aah sluiemg. 

Medium 

Medium 

Chemical feed.......... 

Medium 

Low 

Fuel oil. . , 

Medium 

Low 

Liquid metal.. 

Medium 

High 


Tlu^se services need a variety of designs using different principles of 
Up(Tation and structural details. 

16-2. Pump Features. Power-plant pumps may be classified as in 
llie following table: 


Class 

Type 

Class 

Type 

((tii^iprocating...... 

t Vulrifugal. 

Direct-acting 

Power 

Volute 

Diffuser 

Mixed flow 

Axial or propeller flow 
Turbine or regenerative 

Rotary. 

Gear 

Lobe 

Vane 

Screw 

Cam and piston 
Others 


l*i»rrormance curves and efficiency data determine the power input needed 
U\ Miri the pump under given conditions. For liquid pumps the input is 


m{AFE + AKE + APE) 
550 


301 


(15-1) 
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where Wi = ideal pump or water horsepower, hp 
m = mass fluid pumped, lb per sec 
AFE = flow-energy^or static-pressure head change, ft-lb per lb fluid 
AKE = kinetic-energy or velocity head change, ft-lb per lb fluid 
APE = potential-energy change or elevation change, ft-lb per Ibj 
fluid 

Energy changes are fl- for increases and for decreases. 

The actual pump input power is ^ 

W. = — (15-2) 


w 

Wa = — 
Vp 


where Wa = actual power input, hp 
Tip = pump efficiency, fraction 

The difference Wa — Wi appears as increased internal energy in the 
and minor losses. Geometrically similar pumps at equal efficienoiiii 
are related as follows I 


H = KiN^D^ Q = K^ND^ P = K^pN^D^ 


(154 


! 

where K = constant | 

H = total head, ft of fluid i 

N = speed, rpm. i 

P = power, hp [ 

D = characteristic dimension (usually outlet diameter) ; 

p = fluid density, lb per cu ft _ ! 

Performance at different conditions may be analyzed with these equationl^ 
For example, for a given pump at two different speeds, Ni and N 2 , 


El 

H, 




Qi 


Ni 

Ni 


Pi 

Pi 


Nj^ 


Centrifugal pumps have a parameter called specific speed, 


N. = 




( 111 * 1)1 


(Iflfl)! 


where Ns = specific speed, rpm 

N = speed, rpm , 

Q = flow rate, gpm ^ 

H = total head or energy, ft of fluid 
Specific speed is a characteristic number that represents the rpm HI 
which an impeller would run if reduced in size to deliver 1 gpm agiiiiiKljH 
total head of 1 ft. This number is an index of pump type, iisinK m 
head obtained for a given capacity at maximum efficiency. Impclllirt 
for high heads usually have low specific speed; impellers for low lu'HW 
have high specific speeds. Figure 15-1 shows the general impeller wlmK 
for given specific speeds. 
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The liquid flowing into a pump has a definite vapor pressure at a given 
temperature. If the pressure of the liquid in passing through the 
hnpeller at any point drops to the vapor-pressure level, bubbles of vapor 
jind air form at this point- As the liquid and vapor mixture flows over 
ilie impeller surface to a higher-pressure region, the bubbles collapse 
I middeniy and the liquid pounds the impeller with high pressure or impact. 

1 hese act with high frequency on an impeller, forming pits by erosion, 
\ 1 his action, called CQ^f^tutiou^ lowers efficiency, makes the pump noisy, 

I luul damages the pump. ^ 

j Po avoid flashing and cavitation, the liquid must have a certain net 
pOHitive suction head (NPSH) at the pump inlet, referred to the pump 


o 

o 

o 


I ^ I 


s 

o 




specific rpini 




Cen+rifugol 

15-1. General relation of specific speed and impeller shape for centrifugal pumps. 


qmiter line. This is the energy in feet of liquid pumped that must exist 
III the system inlet over and above the vapor pressure of the liquid 
The available NPSH is 


NPSH = + iS~ hi) 


(15-6) 


where = available net positive suction head during operation 

ft of fluid 

pi = pressure on surface of liquid in suction vessel, psf 
Pv = vapor pressure at liquid temperature, psf 
p = fluid density, lb per cu ft 

S = distance from pump center line to level of liquid in suction 
vessel, ft, plus if level above pump, minus if below 
hf = friction losses in suction piping, ft of fluid 
This concept is used in a cavitation parameter called the “Thoma 
ItK'lIicicnt,” 

NPSH 

(15-7) 


a = 


H 


riie iiiagmtude of the coefladent when cavitation just starts is the 
"iili-'id value. Pumps should be installed to keep the coefficient higher 
thmi the critical. These are found experimentally. 

A I Iciieratiiig-heater pump often runs into cavitation. If the deaerator 
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Fig. 15-2. Typical high-pressure boiler feed pump for subcritical power plants. Note pumping element of impellers, channel 
rings, and shaft encased in forged steel casing. Discharge pressure seats the channel rings. Axial balance is obtained by a balanc¬ 
ing d niTfi Momentary imbalance is absorbed by a Kingsbury thrust bearing. {Courtesy of Ingersoll-Rand Company.) 
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Oiuiriot be located high enough above its drain pump to develop a high 
tnough NPSH, other methods must be used. These include injecting 
colder water into the pump suction or placing a condensate-cooled heat 
exchanger in the suction line. The latter may raise the friction loss and 
tond to lower the NPSH. 

16-3. Boiler Feed Pumps. Small low-pressure plants sometimes use 
direct-acting duplex reciprocating pumps. For higher pressures the 
triplex pump may be used. Centrifugal pumps, however, are generally 
prei erred today. They develop continuous flow, run at high speeds, 
ftnd are compact. 

I hese pumps usually have more than one rotor stage for raising pres- 
lurc in steps. Figure 15-2 shows one type of high-pressure feedwater 
pump; the multistage impeller turns inside a casing, which must have 
penis at the shaft penetrations. The rotor must be perfectly balanced 
Mild restrained by a thrust bearing. 

Axial thrust may be balanced by: (1) a balancing disk or drum, (2) 
double suction impellers on all stages, (3) dividing an even number of 
Plnges into two opposing groups, and (4) balancing every stage by a 
balancing chamber on the back of each. 

'File feed pump becomes a major power consumer in the plant cycle 
IlM the boiler pressure increases. At 2,400 psi the feed pump uses about 
per cent of the gross plant capability, and at 5,500 psi it requires 
lliout 6.0 per cent. At high enough pressures (perhaps 80,000 psi) it 
may require the entire plant output. Designers estimate that 10,000 psi 
will be the practical limit. High-pressure plants use centrifugal feed 
pumps with a double-casing barrel type of design (Fig. 15-3). Feed- 
(MUiip design has advanced by using high-speed rotors and impellers to 
l'i'du(!c the physical length of the rotor between bearings. Superpressure 
[ilfinfs must have rotor speeds as high as 9,000 rpm to develop the needed 
feedwater pressure. 

I )(^signs vary in the number of pumps used in a plant cycle. Some 
ypie Ihree half-sized pumps for capacities above 100,000 kw; two run, 
^^liil(* the third acts as stand-by. Others use two full-sized pumps, one 
KrI iiig as stand-by for emergencies. Again, some designers prefer primary 
iiuil H(‘condary pumps with closed heaters between, rather than one pump 
ilbeharging through several heaters downstream. 

I lie pump work also raises feedwater temperature. Neglecting bear- 
taiC losses and radiation, the temperature rise can be estimated as 



where At = temperature rise, °F 
ff = pump head, ft 
Tijf ~ pump efficiency, fraction 







































































f!! pumps having a balancing device with leak-off the above rel.tio. 
may be used if Vj, is inci;pased by the ratio 
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P - Q + 
^ - 0 


(15-9) 


where Q = pump discharge, lb per hr 

16 4 BdlS-fefd-pump Drives. Most plants use direct-connectiji •! 
. ■ J . O fioo rnm in the form of constant-speed squirrel*] 

throttling the pump discharge to] 

r 



o 


Fig. 16-3. Typical pumpaT^eaA 

This instaUatioa uses three P J designed to deliver 2 X 10“ lb \wr 

Com,.ny, 

regulate flow. Variable speed may be used instead with greater effioioil 
bv using magnetic or hydraulic couplings to a constant-speed «'«tor. 

Steam turbines widely used in older plants for pump drives were j 
nlaced by motors. But the rising pressures of modern plants mak ■ 
E rspeL of turbines a favorable factor, and so they are again b 
used The tnrbine reduces the power drain on the mam general 
making more capacity available to carry load. Turbme invert « 
SsTran electric Ltors at the higher powers. The turbine takes « 
from an ^tage or from a cold-reheat line and exhausts to a 1. 

pres^sure Heater Drain Pumps. Condensate pumps M 

thiir suction from the hotwell of the condenser, dho condeusaUi |s| 
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liituration temperature in the hotwell, so the pump must be below the 
hotwell to assure adequate NPSH. The pump discharges through air- 
oJiHJtor condensers, H 2 coolers, and several feedwater heaters. The water 
goes to the deaerating heater or the boiler-feed-pump suction. 
Idgure 15-4 shows a two-stage horizontal condensate pump with the 
ulitge inlets opposed. This helps the axial balance, and the sealing 
Kliiiids both have a positive internal pressure that prevents air leaking 


\^SA/T 



Ikio iJio casing. The bearings mount externally to prevent oil leaking 
(♦jIo iJui condensate. These pumps may stand vertically or horizontally. 

Ill vcirtical mounting only the pump need be below the hotwell. The 
(♦Mibn* drive above makes maintenance easier and keeps the motor safe 
frimi possible floods in the pump pit. Small constant-speed or squirrel- 
induction motors usually drive condensate pumps. For large 
Mwll.M a wound-rotor induction motor or a squirrel-cage induction motor 
»fHli hydraulic coupling gives variable-speed drive. Some plants use 
Jimpn-Uirbine drives. 

Hniifor drain pumps need only low capacity but must develop high 
plK^iureH. Figure 15-5 shows a single-stage heater drain pump. 

I i6-6. Circulating Water Pumps. These pumps run against a low 
knid Mild handle large volumes of water. Condenser circulating pumps 
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Fig. 




Fig, 15-6. Horizontally mounted single-stage double-suetion-design eircailatiim 
pump. (Courtesy of Worthington Pump and Machinery Corporation.) j 
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I'Hi. 15-7. Mixed-flow-type condenser circulating water pump: a, bearing spider gives 
liilrriiu'diate bearing support; 5, difTuscr vanes straighten water flow from impeller; 
r, ill!(Holler of mixed-flow type; d, motor drive; e, discharge; /, inlet. {Courtesy of 
1 11 is-i "A a / tii ers Ma mt f actu rin g Con ipa n y .) 


Mi'i‘ made in three types: (1) centrifugal volute, (2) mixed flow, and (3) 
|iro|)(*ller. 

'The centrifugal volute pump can be used for all applications but does 
licHt for high suction or pumping heads. Such pumps usually have a 
«liigl(i-stage double-suction bronze impeller mounted on a steel shaft in a 
liorizontally split cast-iron casing. Slow-speed motors or a turbine with 
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Fig. 15-8. Pump for handling abrasive solids. 
Sherman-Hoff Co.) 


(Courtesy of Athtvk 


Note seal design. 


A power plant needs a variety of pm up 


15-7. Miscellaneous Pumps. 

for certain special services. v. 

Ash-handling Pumps. These handle air- or water-borne ash purt K !• I 
in disposal systems. They may be centrifugal pumps with special h.h.H 

and rubber lining in the casing (Fig. 15-8). . . 

Chemical Feed Pumps. These inject dissolved chemicals into fa. I 
water systems and boiler drums. They must have very flexible capaellf 
control to regulate discharge rates exactly. Figure 15-9 shows a piimft 

with reciprocating pumping elements. t ,.,i ^ 

Service Water Pumps. These supply water to hydrogen coolers, >i'it 
cooling, air-compressor cooling, oil coolers, and many otlnn-s. 1 Imi 


reduction gears drives the pump. Figure 15-6 shows a centrifugal 

The mixed-flow pump bkt handles moderate pumping heads ot 2U to 
50 ft and suction lifts. The lower casing of the submerged pump runner 
forms the suction piping and the upper casing the discharge. The driving 
motor mounts on top of the pump, connecting to it by a ong 

^ The propeller type works best with large to moderate flows at pump¬ 
ing heads lower than for the mixed flow, up to 20 ft. Some puinps have 
variable-pitch blades that can be adjusted to suit changes in the water 
circuit as needed. 
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pumps draw water from the intake tunnel or circulating-pump discharge. 
Most plants have several service pumps fitted with strainers to remove 
(l(^bris from the suction water. Most pumps are the single-stage split- 
<iase type. 



IUg. 15-9. Reciprocating type of chemical feed pump. Note ball-type construction 
(if Huction and discharge valves. (Courtesy of Milton Roy Company.) 



h(i. 15-10. Typical screw-type fuel pump. Pumps of this type are also used in 
Jipplications, as lubrication, circulating, etc. (Courtesy of DeLaval Steam 
liitlunr. (Jo.) 

hiuiporator Feed Pump. This supplies raw water to the evaporator 
iIh’II. Make-up requirements up to 5 per cent of station maximum flow 
W't pump capacity needed. Constant-speed single-stage pumps are 
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Fuel-oil Pumps. These tmiisfer oil from the storage tank to day tanks 
and pressurize oil on its way to the burners. Many modern plants use 
the screw or gear type of pump (Fig. 15-10). Some plants use direct- 
acting reciprocating steam pumps. 

Liquid-metal Pumps. These are used in some nuclear power plants to 
handle bismuth, sodium, sodium-potassium, and other metals. Some 


7 


I 

Electric 

heof/ng 

elements 
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i 
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Fig, 15-11. Hermetically sealed, or “canned,” type of centrifugal liquid-metal puitip. 
{Couviesy of Westinghouse Electric Corporation.) 


resemble conventional centrifugal pumps, and others work on electnr 
magnetic principles without any mechanical moving parts. Figure 1ft- U 
shows a hermetically sealed centrifugal pump used for this service, lit 
the electromagnetic pump a flow duct is surrounded by a field winding, 
When an alternating current energizes the winding, it induces an allm* 
nating current in the liquid metal in the flow duct. The induced ouriniik 
has its own magnetic field, which reacts with the field of the winding In 
force the liquid-metal particles to move against a head. 
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(a) Characteristic curves 




(c) Variable speed curves 

I' Ml 15-1*2. Representative centrifugal-pump and system curves. These curves are 
llili'iidril siiow only general trends. The manufacturer must be consulted for exact 
lllilh l'oi‘ any pump under consideration. 
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Deep-well Pump. This has a narrow diameter designed to fit in a deep 
well bottom and pump w^ter to the surface. The pump 
impeller of several stages and may work at depths of as much as 2 000 t. 

Treated-water Pumps. These handle the water undergoing Purification 
in a water-treatment system of a power plant. They are usually 

two-stage pumps driven by constant-speed motors. lUrVmvn 

16-8 Pump Performance. Positive-displacement pumps usually have 

an approximately constant capacity at any given 

decreasing slightly as the discharge pressure mcrea.es. A centrifugal 
pump may have a capacity range from zero flow to maximum at anyjiH 
sneed (Fig 15-12). The characteristic curves show the effect of capacity, 
on head, power, and efficiency at constant speed A pump may run at 
Iny two points, as A or B. At any such point it must have three con-l 
sistent vSues of head, power, and efficiency as shown. The pump can 

rim oiilv on its chsirRctcristic. AUni 

The System to which a pump discharges has a system head curve tha 

shows the amount of head needed to move a given flow through it. Thp 
svstem head curve includes the friction head curve, static head, ani 
any pressure differences in the system. Friction head 
tion losses through pipes, valves, and fittings at 

Static head is the difference in elevation between suction and discharge 
If a valve in the discharge line can be varied, an 

curve for each valve opening can be plotted. This shows how flow m^ 
he controlled by a discharge valve;-the intersection of the system he^ 
and pmnp head curves gives the operating condition for the sy 0^ 
Varilwe-speed curves give the pump behavior as impeller speed change 
These curves also show efficiencies. 

PROBLEMS 

16-1. Data from a turbine and condenser are as follows: 

Turbine: 

Three-stage 75,000-kw bleeder eonden.smg unit 
Inlet-steam pressure, 330 psia; temperature, 720 i 
Steam Bow at full load, 800,000 lb per hr 
Mass and enthalpy of bled steam as m Table P-1 

Table P-1 


Bleed point. 

1 

2 

3 


47,4ri0 

78,980 

20,100 

IjU pCi ill * * ■ 

hj Btu per lb. 

1287 

1203 

1087 
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Radiation and friction loss, 0.3 per cent of turbine output 
Condenser: 

Pressure, 2,5 in, Hg abs 
Condensate subcooled 10 F 
Circulating pumps: 

Two centrifugal pumps 

Pump efficiency, 90 per cent; pump head, 39.3 ft 
Condensing-water temperature rise, 9 F 
Hotwell pump: 

One centrifugal pump 

Pump efficiency, 85 per cent; pump head, 86 ft 

Draw a line diagram of the above equipment, and calculate: 

tt. Horsepower input and the gallons per minute of each circulating water pump 

b. Horsepower input to hotwell pump 

c. Total pump power as a percentage of turbine output 

15- 2 , Calculate the efficiency of a centrifugal pump under the following conditions: 

Motor input, 21.1 kw 

Suction pressure, 5.0 in. Hg vacuum in a 10-in.-diameter pipe 
Discharge pressure, 25.0 psig in a 6-in.-diameter pipe with gauge 7 ft 
above suction gauge 
Water flow, 920 gpm at 70 F 

16- 3. Calculate the motor capacity needed for a boiler feed pump taking water 
from an open heater and discharging to a boiler under the following conditions; 

Boiler pressure, 450 psia 
Heater pressure, 15 psia 
Discharge-line pressure drop, 80 psi 
Pump efficiency, 82 per cent 
Water flow, 325,000 lb per hr 

16-4. A centrifugal pump gave the following performance; 

Total head, 82 ft 
Water flow, 685 gpm at 180 F 
Speed, 1,475 rpm 
Motor input, 13.2 kw 

a. Calculate the pump efficiency. 

h. Estimate the discharge head if the pump speed were reduced to 800 rpm. 

16 - 6 . A boiler feed pump receives 705 gpm of water at 374.2 F and an enthalpy of 
64K.7 Btu per lb. It operates against a head of 3,120 ft with an efficiency of 61.8 
|»m* cent. 

a. Calculate the enthalpy leaving the pump in Btu per pound. 

b, l^stimate the leaving-water temperature, assuming the temperature rise as due 
in iJio inefficiency of the input energy. 

r. Calculate the discharge pressure in pounds per square inch absolute for a suction 
^I'eMHuro of 600 psia. 

d. Calculate the power output of the driving motor in kilowatts. 

16 - 6 , A deaerating heater operating at 50 psia is piped to the suction of a boiler 
(^fid pump vertically below. A Thoma coefficient of 0.3 is to be designed for, to avoid 
invilation. At the design flow a friction loss of 30 ft per 1,000 ft of pipe and a velocity 
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head of 1.8 ft occurs. Estimate the minimum vertical run of pump suction piping, 
required for a discharge pressure of 600 psia. Analyze your answer, and suggest 

proposals for the installation. ^ _ 

16 - 7 . A pump is to discharge 200,000 gpm at a head of 14 ft when running at 360 

rpm. What type of pump is required? 
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CHAPTER 16 


POWER-STATION PIPING ELEMENTS 
AND HEAT BALANCE 


16-1. Piping Systems. Power plants use many fluids in their opera¬ 
tion—^steam, water, oil, air, gas, etc.—that must be completely controlled 
and coordinated. This leads to a variety of integrated piping systems 
that must be run between and around the main and auxiliary equipment. 
Some of these piping systems are: 

1. Steam piping—main, auxiliary, reheat, bleed, exhaust, heating 
steam, process steam 

2. Water piping—condensate, feedwater, raw water 

3. Blowoff piping—boiler, evaporator, feed treatment 

4. Condenser cooling water 

5. Miscellaneous piping—service water, water treatment, drains, 
fuel, lubricating oil, compressed air, vent, vacuum, soot blowing, fire 
protection, generator hydrogen cooling, chemical feed, etc. 

Power-plant piping would be simple if the plant always ran at a con- 
(hiuous constant load. But the need for placing equipment in service, 
running it at varying outputs, and taking it out of service for inspection 
imd repairs makes the piping layout very complex and costly. Piping 
in a power plant may represent as much as $12 to $20 per kilowatt. 

16-2. Pipe Size and Pressure Loss. As fluids flow through pipes and 
ducts, they lose pressure from frictional effects and interchange heat 
with the pipe and surroundings. Section 4-17 shows how to figure 
pr(!ssure losses for a given pipe size and flow pattern. Equation (4-51) 
hIiows that pressure losses decrease as piping diameter increases. But 
larger pipe is more expensive and may increase heat losses. The first 
cost of piping must be balanced against the value of reducing pressure 
losses—which sometimes means the cost of pumping, or the loss of avail¬ 
able energy. Pipe diameter affects the fluid speed for a given mass 
flow rate (Table 16-1). 

16-3. Pipe Strength. Power-station piping uses carbon-steel material 
for temperatures up to 850 F. Higher temperatures require alloy steels 
I lull, include chromium, vanadium, molybdenum, and nickel. Chromium 
liUf)roves corrosion and oxidation resistance; nickel adds toughness; 

317 











318 


STEAM POWER PLANTS 


molybdenum improves creep strength. Carbon-molybdenum steels 
are used for ranges of 750 to 1000 F and chromium steels for higher 

temperatures. * i • i i_ • 

A group of alloy steels, called “stainless steels,” have a high chromium 

content of the order of 16 per cent. Ordinary carbon steels and the 
stainless steels with more than 16 per cent chromium are varieties of 
ferritic steel. Nonmagnetic stainless steels are austenitic materials. 

Table 16-1. Recommended Pipe Velocities 

Pi-pdine Velocity, ft per min 

Boiler and turbine leads. 

Steam headers. 6 ■ 8, OTO 

Eranchsteamlinca.. ^^^ 

Feedwater lines.. _ non 

Exhaust and low-pressure steam lines. 

Pump suction lines. j 

Bleed linea. 4,000- 6,000 

Various codes and standards specify minimum pipe dimensions and j 
materials to meet certain safety requirements. Those most used for 
station piping are the ASME Boiler and Pressure Vessel Code and thet 

ASA B31.1 Code for Pressure Piping. . , . , * J 

The design of pipe sizes must anticipate many stress-inducing fac ort^i 
The principal ones include: (1) internal (or external) pressures; (2) 
thermal-expansion restraints; (3) extraneous movement of supports and 
foundations; and (4) dead weight of pipe, fittings, insulation etc. Pipe 
wall thickness to meet code requirements may be calculated from 


tm 


DP 


+ C 


( 10 - 1 ) 


2(-S -I- YP) 

» 

where tm ~ minimum wall thickness, in. 

D = outside diameter, in. 

P = design pressure, psi 
,S = allowable stress, psi 

Y = coefficient as in Table 16-2 , i 

C = allowance for threading, mechanical strength, and corroatnii) 


in. 


T a TIT.Til 1 fT- 2 . 


ViT.TTTi'.S TTOR COEFFICIENT Y 
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The value of C for various conditions is as shown in the following table: 


Pipe C, in, 

IMain end steel or wrought-iron pipe 1 in. and smaller. 0.05 

Plain end steel or wrought-iron pipe larger than 1 in. 0.065 

Crooved steel, wrought iron, or nonferrous pipe.. . Depth of groove 


Bince pipe mills do not fabricate to precise sizes, a tolerance above or 
below the pipe size is required. Allowance must be made for this in 
specifying wall thickness from Eq. (16-1), on the order of a 123^^ per cent 
Increase. 

The codes should be consulted for allowable stress values. They 
depend on temperature and vary for different types of steel. Pipe thick¬ 
ness [Eq. (16-1)] should be increased to allow for mill tolerance; usually 
the next largest nominal pipe diameter is chosen if the calculated thick- 
IKiss does not correspond to a standard size. Table 16-3 is adapted 


Table 16-3. Allowable S Values for Pipe in Power Piping Systems® 


Material ! 

Specifications 

Maximum S for given temperatures, psi 

and grade 

-20-650 F 

800 F 

900 F 

1000 F 

1100 F 

Mieetric-resistance welded 







Hteel. 

A53, A135; A 
A53, A135; B 

10,200 

12,750 

7,650 

9,200 

4,250i 

4,250 



Mlertric-fusion welded 







uleel... 

A155, A285; A 
A155, A285; B 

10,100 

11,250 

7,500 

8,450 




(patnless carbon steel. 

A53, A106; A 
A53, A106; B 

12,000 

15,000 

9,000 

10,800 

5,000 

5,000 

1,500 

1,500 


(piuiiIlss alloy steel: 







1% Vr, Mo . 

A335, P12 

15,000 

14,750 

13,100 

7,500 

2,800 

I'i% Cr, Mo . 

A335, Pll 

15,000 

15,000 

13,100 

7,800 

4,000 

M% Cr, 1% Mo . 

A335, P21 

15,000 

13,900 

12,000 

7,000 

4,000 

1H% Tr, 8% Vi. 

A312, Tp317 


16,750 

16,000 

14,000 

10,400 


" Adapted from ASA B31.1-1955 and ASME 1956 Power Boiler Code. 


from the codes and lists allowable stress values for several pipe materials. 

16-4 gives the dimensions for welded and seamless steel pipe. 
Pipe is fabricated according to a system of nominal (approximate) sizes, 
floiTcHponding to outside diameters. Pipe thickness for all diameters 
In (hisignated by schedule numbers. Stress and schedule numbers are 
l^laled by 
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Table 16-4, DimeiStsions of Welded and Seamless Steel Pipe“ 


Nom¬ 

inal 

pipe 

size 

OD 

4 

Nominal wall thicknesses for schedule numbers 

Nom¬ 

inal 

pipe 

size 

10 

20 

30 

40 

60 

80 

100 

120 

140 

160 

Vs 

0.405 




0.068 


0.095 






v± 

0.540 




0.088 


0.J19 





H 


0 675 




0.091 


0.126 





H 


0.840 

. 



0.109 


0.147 




0.187 



1 050 




0.113 


0.154 




0.218 

i 

1 

1 315 




0,133 


0.179 




0.250 

IM 

1.660 




O' 140 


0.191 




0.250 



1 900 




0,145 


0.200 




0.281 

IK 

2 

2 375 




0.164 


O.BiS 




0 343 

2 

2)^ 

2.875 




0.203 


0.B7& 




0.375 

2K 

3 

3.500 




0.216 


0.800 




0,437 

3 


4.000 




0.226 


0 . SIS 





3K 

4 

4.500 




0.237 


0.887 


0.437 


0.531 

4 

5 

5.563 




Q.26S 


0.375 


0,500 


0.625 

5 

6 

6.625 




0.280 


0.482 


0 562 


0.718 

6 

8 

8.625 


0 250 

0.27T| 

0,322 

0.406 

0.500 

0,593 

0.718 

0.812 

0.906 

8 

10 

10.75 


0.250 

0.307 

0,365 

O.oW 

0.593 

0.718 

0.S43 

1.000 

1.125 

10 

12 

12.75 


0.250 

0,330 

0.406 

0.562 

0.687 

0.843 

1.000 

1.125 

1.312 

12 

14 OD 

14.00 

0.250 

0.312 

0.376 

0.437 

p.mz 

0.750 

0.937 

1.093 

1.250 

1.406 

14 OD 

16 OD 

16.00 

0.250 

0.312 

0,376 

(K500 

0.656 

0.843 

1,031 

1.218 

1.437 

1.593 

16 OD 

18 OD 

18 00 

0.250 

0.312 

0.437 

0,562 

0.750 

0.937 

1 .156 

1 .375 

1 .562 

1.781 

18 OD 

20 OD 

20.00 

0.250 

0,376 

0.500 

0,593 

0.812 

1.031 

1.281 

1.500 

1.750 

1.968 

20 OD 

.24 OD 

24.00 

0.250^ 

0.376 

0.562 

0.687 

0.968 

i .2l8|i .531 

1.812 

2.062 

2.343 

24 OD 


Thicknesses shojvn boldface denote standard-weight pipe; those in italics ex^ro* 
strong pipe. All dimensions given in inches. 

® Adapted from “Navco Piping Datalog/’ 8th ed.. National Valve and Manufac¬ 
turing Company. 


SN 


1,000 X Pi 

s 


(16-2) 


where SN = schedule number 

Pi = internal pressure, psig 
S = allowable stress, psi 

Instead of schedule number the terms standard^ extra strong^ strong^ etOi, 
may be used as in Table 16-4. 
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16-4. High-temperature Effects on Piping. High-temperature steam 
in piping has several effects: it (1) decreases allowable working stress 
as in Table 16-2, (2) accelerates oxidation and corrosion, (3) produces 
expansion, and (4) makes pipe material creep. Expansion stresses the 
pipe supports and connected equipment. Thermal expansion can be 
found by 

U- Lo 1^1 + a ^ QQQ + h J ( 6- ) 

where Lt = length at i F 
Lo = length at 32 F 

a, b = constants for materials, as below in the following table: 


Metal 

a 

b 

Cast iron. .. 

0.00544 

0 00621 
0-00927 

0.00174 

0.00162 

0.00124 

Steel.. 

Copper.. 



To offset expansion stresses, piping systems use sliding expansion 
joints, expansion bends, normal bends, and corrugated sections. Expan¬ 
sion joints use two concentric nested sections with a packing gland 
between to prevent leakage. Most designers prefer expansion bends or a 
number of normal bends to sliding expansion joints (Fig. 16-1). Corru¬ 
gated sections and bends are used for moderate pressures. 

Under high temperature, many metals when stressed, will slowly 
deform in a plastic fashion to ultimate failure; this process is called 
creep, A stress when first applied to a hot metal will elongate it in 
elastic fashion. As the stress continues acting, the elongation will first 
grow at a diminishing rate; this is the first stage of creep. In the second 
stage the elongation grows at a uniform rate. In the third stage the 
elongation rate accelerates until the metal fails. Figure 16-2 shows the 
(Tcep characteristics of a specific metal at 1200 F. Materials in 
high-temperature service must be carefully watched and their service 
lime logged. As the end of third-stage creep approaches, the equipment 
must be replaced. 

16-6. Pipe Supports. Brackets attached to building columns and 
hangers suspended from beams usually support piping in power plants. 
Anchor supports do not allow a pipe to move at that point, or they can 
move only in one direction or plane. Hangers may be a rigid type 
ai-tached to beams or may be spring-supported. The latter allows limited 
pipe motion in any direction. Roller supports allow considerable motion 
along the pipe axis. 
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Sloping steam lines makes it easy to drain moisture to traps at the 
low points. Valves and tap lines must be provided to empty pipelines 
in removing them from sefvice. 

16-6. Valves. Valves control the fluid flow in pipelines. Valves have 
a cast body containing an opening, called a seat, through which the fluid 
flows. A dish fastened to a stem held in a bonnet covers the seat to shut 
off flow. The bonnet fastens to the valve body, which has two openings 



Fig. 16-1. A and B indicate how right-angle bends act when pipe expands while 
heating. In B the pipe has been cut short and put under tensile stress when cold, 0. 
condition called cold springing. The stress when hot is considerably less than 
A double-offset expansion bend as in C shows the effect when pipe is heated to relieve 
stress. 

attached to the pipeline it controls, one opening on each side of the seat* 
Varying the opening between seat and disk controls the rate of flow. 

Figure 16-3 shows two examples each of globe and gate valves. Glob# 
valves are used to control flow rate by throttling and to shut or stop flow 
completely. The flow area varies directly with the number of turns of 
the handwheel. Gate valves usually completely stop flow, normally 
being in either the full-open or completely closed position. They off## 
less flow resistance than a globe valve when completely open. 

Power plants also use check valves, which have a flap allowing flow in on# 
direction only; they close automatically when flow tries to rovers#. 
Needle valves give micrometric flow control in small lines. Safety, of 
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relief, valves open to atmosphere when pressure in a line exceeds safe limits. 
Special valves include balanced valves for automatic flow regulation and 
seatless valves for blowdown lines. 

Valves may have flanged, screwed, or welded ends and may be made of 
(^ast iron, cast steel, forged-steel alloys, brass, or other materials depending 
on the service conditions. 

16-7. Traps, These automatic valves pass unwanted condensation in 
steam lines to waste but prevent steam from passing. They also work 



I 2 4 6 010 20 40 100 200 400 1000 4000 10,000 

TIME, HOURS 

16-2. Typical behavior of creep effect of a metal at one temperature. Designers 
use this type of data for a given life and operating temperature. 

with steam-using equipment to drain off any accumulated condensation. 
Some traps also remove air and drain water from compressed air or gas 
lines. Traps are of two types: (1) nonreturn and (2) return. Nonreturn 
ti’aps only separate, and discharge at a lower pressure than the inlet. 
Return traps lift or pump the fluid, discharging at a pressure equal to or 
greater than inlet pressure. Nonreturn traps have many arrangements: 
(1) open float, or bucket; (2) inverted bucket; (3) tilting; (4) ball float; 
(o) orifice; (6) impulse; and (7) thermostatic. 

Return traps usually feed small amounts of condensate to a low- 
pressure boiler but may be used wherever condensate must be lifted a 
distance above the discharge point. All return traps have a receiver into 
which the condensate flows by gravity. Flow shuts off when the receiver 
(ills, the vent closes, and boiler steam entering the tank forces the conden¬ 
sate out to a pressurized region. The process repeats automatically. 
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Inside screw, non- 
rising stem 


Outside screw and yoke, 
non-rising handwheel 


t^:) 


[d) 


Fig. 16-3. Examples of common valve types, (a) Small inside screw, rising Btrmi 
globe valve; (b) large outside screw and yoke, rising handwheel globe valve; (c) huihII 
inside screw, nonrising stem gate valve; {d) large outside screw and yoke, nonrijiitig 
handwheel gate valve. 
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16-8. Pipe Fittings and Joints. Piping comes in standard-length sec¬ 
tions. A piping system consists of sections joined together directly or 
through fittings and valves. Fittings include elbows, tees, reducing con¬ 
nections, crosses, plugs, unions, couplings, bushings, and blind flanges. 

Methods of joining pipe sections, valves, and fittings depend on pipe 
size, pressure, and temperature of the fluid and pipe material. Small 
light-duty lines may use threaded or soldered connections. Medium and 
large lines may flanged for moderate pressures. Flanges may be: (1) 
cast integrally with the pipe, (2) screwed on ends of threaded pipe, or (3) 
fitted with rings bearing on laps forged on pipe ends. High-pressure and 
-temperature service uses the third type. Flanges are bolted together 
at the contact faces, which may be serrated, ground and lapped, seal- 
welded, etc. For rough flange faces a gasket fills the gaps. 

Present power plants largely use welded connections for the major 
steam and water lines to make connections tight. Welding makes pipe- 
insulation application easier. Welds must be stress-relieved and X-rayed 
or magna-fluxed for internal and surface inspections. 

16-9. Pipe Insulation. Steam radiates energy through all surfaces 
it touches. Insulation applied to the exterior of pipe surfaces retards this 
loss and saves appreciable energy. 

Useful materials are 85 per cent magnesia (85 per cent magnesium 
carbonate +15 per cent asbestos fibers) and mineral wool (molten glass 
blown into fibers). Insulation may be applied in blocks, in formed shapes, 
or as a cement covering. A canvas covering over the insulation makes 
a good appearance. 

High-temperature services may use up to 5-in. thicknesses of insulation. 
Thickness of insulation must be balanced against the cost of the energy 
saved. Initial piping design should allow for ease of applying insulation, 
especially in close quarters. 

16-10. Piping Layouts. Piping layouts depend on the plant heat 
balance and must be individually designed. Code rules and standards 
set the minimum requirements that must be met. Ultimate designs are 
usually compromises between ideal layouts and over-all plant economics. 

Figures 16-4 and 16-5 show the main features of steam and condensate 
piping in schematic form. Figures 16-6 and 16-7 show detailed schematics 
of steam and condensate piping systems and raw-water and air piping 
systems for a 35-mw unit using 900-psig 900-F steam. These systems 
anticipate the connections needed for a future new unit. 

Industrial piping systems usually are more complex and varied than 
utility power-plant systems. Figure 16-8 shows schematically some of the 
additional types of equipment that industrial plants use. Some indus¬ 
tries have their own complete power plants that work in conjunction with 
the equipment illustrated in Fig. 16-8. 
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To Heater 

Fig. 16-4. Elements of power-station steam piping. (Courtesy of Power.) 
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Typical steam and condensate piping diagram lor medium-capacity station. {Courtesy of Commonwealth & Southern 
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Fig. 16-7. Raw-water and vent piping for plant in Fig. 16-6. {Courtesy of Commonwealth <fc Southern Corporation.) 
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Fig. 16-8. Examples of process-plant steam uses and related piping. {Courtesy of 
Power.) * 


16-11. Steam-power-plant Heat Balance. A heat balance shows the 
computed mass and energy flows between the major equipment of a power 
plant, together with the pressures and temperatures. The flows are 
shown on a diagram of the cycle equipment arrangement. The computa- 
tions enable finding the heat rate of the cycle. Figure 16-9 shows the 
heat balance for a typical low-pressure station. 

Heat balances for an existing plant may be calculated from observed 
data on the actual equipment. Many heat balances are made for a pro¬ 
jected plant and help determine the optimum arrangement. 

Heat balances may be computed for several different loads, with 
diagrams for each load. Computations for large plants become complex, 
and systems must be developed to expedite the work. First draw ft 
schematic diagram of the plant layout. This shows all major equipment 
and principal flow lines for steam, water, and gasj detailed piping and 
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valves are not essential. Equipment manufacturers furnish data for 
their products. For example, the turbine builder will supply a condition 
curve for various throttle flows. Similar performance characteristics 
will be available for the steam generator, feedwater heaters, evaporators, 
pumps, and fans. See Prob. 16-9 as an example of the data used. 

Energy and mass flows of heaters, pumps, evaporators, turbines, and 
steam generators are each treated as separate items. The thermo¬ 
dynamic concept of a system and its boundaries is applied to each in turn. 
The first law applies to each item, assuming it a steady-flow device. 



G. 16-9. Heat-balance diagram of Silver Gate Station, San Diego Gas and Electric 
Company, has 35-mw turbine operating at 850-psig 900-F 1.5-in.-Hg steam conditions. 
This heat balance is calculated for 34,578-kw output. 


Calculations usually start at the high-pressure heater, evaporator, or 
other equipment where enough data are available to solve a First-Law 
(Mluation. Calculations proceed to the lower-pressure heaters in turn, 
and the steam bled from the turbine at its several points may be found. 
'IVo unknowns in a balance can often be solved if the system is considered 
first as a single piece of equipment and then as two pieces in series. 

When the bled and gland steam for the turbine is known, the work 
(lone by the steam on the turbine blades can be calculated. The gross 
power from the turbine is found by multiplying the blade work by a 
(combined mechanical-electrical efficiency; subtracting auxiliary power 
gives net power for the cycle. 

Heat energy to be supplied by the fuel is based on steam flow and 
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boiler efficiency. The net station heat rate is 


HR 


net station power 
heat energy in fuel 


(16-4) 


Figure 16-10 shows a heat balance for a reheat cycle using seven stages of 
feedwater heating. 


PROBLEMS 

16-1. Specify the trap capacity needed in pounds per hour for draining a closed 
feedwater heater if 40,000 lb of water per hour enters at 280 F and leaves at 325 F. 
Steam bled from the turbine is at 330 F and has 3 per cent moisture. The conden¬ 
sate is subcooled 10 F, and the radiation loss amounts to 5 per cent of the heat given 
to heat the feedwater. 

16-2. A 4-in. (nominal) pipe carries steam at 1,200 psig and 900 F, Determine 
the schedule number for an alloy steel of Specification A355, P21, 

16-3, A 5-in. (nominal) pipe carries 62,000 lb per hr of steam to a turbine using 
steam at 900 psia and 900 F. The pipeline is 110 ft long. 

a. Designate a line with the necessary valves and fittings. 

h. Calculate the boiler pressure required. 

c. Specify a suitable pipe material, 

d. Specify the pipe wall thickness and schedule number to be used. 

16-4. Calculate Prob. 16-3 if steam is at 2,400 psi and 1000 F. 

16-6. Calculate the heat loss in a 50-ft length of bare insulated pipe from the fol¬ 
lowing data: 


Pipe 33^^ in. (nominal), schedule 80, horizontal 
Temperatures, steam 650 F, outside air 70 F 

Insulation, 85 per cent magnesia; surface emissivity 0.90, 2 in. thick 

16-6. Investigate the most desirable thickness of insulation to be used in a piping 
system for which general data as follows are available. Select some specific set of 
values on which to base the solution. 

Pipe, 8 in. (nominal), schedule 100, 200 ft horizontal 
Temperatures, steam 900 F, outside air 80 F 
Insulation, 85 per cent magnesia, surface emissivity 0.94 
Steam-energy cost, 50 to 80 cents per million Btu 
Cost of insulation installed as in Table P-1 


Table P-1 


Thicknessj in. 
1 
2 

3 

4 


Dollars per ft 
0.80-1.10 
1.25-1.75 

2.50- 3.00 

3.50- 4.50 


Fixed chargeSi 20 to 25 per cent 
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16-7. Select a suitable material for the pipe in Prob. 16-4, and calculate the design 

T) |*£1 Q Q11 p O 

16-8. A steam line 220 ft long at 70 F is used to carry steam at 900 F. One end of 
the line is anchored, and the pipe rests on roller supports. Determine the expansion 

of the pipe. , , + 1 ... 

16-9. a. Draw a line diagram of a regenerative power-plant hookup, using the 

equipment listed below and showing main lines and valves represented by standard 

symbols. . ^ nnn lU 

Indicate the following quantities in all lines in the order given when 70,000 lb per 

hr flows from the steam generator: 

1. Absolute pressure, psia 

2. Temperature, °F 

3. Enthalpy values, Btu per pound 

4. Mass flow, pounds per hour 

b. Determine gross station heat rate for the foregoing condition for a steam-gener¬ 
ator efficiency of 85.0 per cent and aq, electric-generator efficiency of 95 per cent. 


Major Equipment 

1 One steam generator, 400 psia and 600 F steam. 

2. One bleeder turbine rated at 6,000 kw with inlet steam throttled to 325 psia and 

’ exhausting to a condenser at 2 in. Hg back pressure; bleed pressures, 60, 18, and 
4 psia; and operating at 3,600 rpm. 

3 One closed heater, using 4 psia bled steam and receiving condensate from con¬ 
denser by means of a motor-driven condensate pump; feedwater discharged to 
vent condenser; heater drained by motor-driven pump to discharge side. 

4 One closed heater, using 60 psia bled steam receiving feedwater from boiler feed 
pump and discharging to boiler; condense(| steam trapped to deaerating heater. 

5. One deaerating heater and vent condenser, using 18 psia bled steam and exhaufi 
steam from turbine driving feed pump. Heater reemves feedwater from vent 
condenser, vent-condenser drains, and condensate from high-pressure heater. 
Heater discharges to boiler feed pump and vents steam and air to vent condensof. 

6. One turbine-driven boUer feed receives feedwater from deaerating heaW 

and discharges to high-pressure closed heater. Turbine uses steam from maltt 
line reduced to 300 psia by a pressure-reducing valve and discharges at 18 psia to 
deaerating heater. 

7. One surge tank, in line from low-pressure heater to vent condenser. 

Data Relative to Equipment and Hookup 

1. Turbine condition curve data as in Table P-2. 

Table P-2 

Temperature 
or quality 
500 F 
300 F 

4.7 per cent 
9.2 per cent 
10.7 per cent 


Pressure abs 
200 psi. . . . 
55 psi. . . . 
12 psi.... 
2 psi.... 
2 in. Hg. 
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2. Boiler-feed-pump turbine data as in Table P-3. 


Horsepower 

output 

8 

20 

35 

65 

100 

150 


Table P-3 

Engine efficiency 
{based on hp output) 
45.0 
47.9 
50.0 
52.5 
54.0 
55.0 


3. Closed-heater and vent-condenser condensate leaves subcooled 5 F below satu¬ 
ration temperature for the pressure; feedwater leaves closed heaters 10 F below 
steam temperature. 

4. Steam vented to vent condenser from deaerating heater equals 10 per cent of 
steam bled at 18 lb from turbine; 10 per cent of vented steam is discharged with 
the air. 

6. Vent condenser raises feedwater temperature 5 F. 

6. Consider no line pressure drops. 

7. Boiler-feed-pump efficiency is 56 per cent at given conditions. 

8. Neglect mechanical losses of boiler-feed-pump turbine. 

9. Condensate pumps motor-driven with a negligible effect on enthalpy values. 

10. Make-up to deaerating heater at 212 F equals steam vented to atmosphere. 

11. Feedwater leaves saturated from deaerating heater and from main condenser, 
16-10. a. Draw a line diagram showing main lines and valves for a regenerative 

power-plant cycle using the equipment listed below, represented by standard symbols. 

b. Indicate, in so far as the data and calculations permit, the following quantities 
In all lines in the order given below. Show values for one or two loads as assigned. 

1. Absolute pressure, psia 

2. Temperature, °F 

3. Enthalpy values, Btu per pound 
Mass flow, pounds per hour 

c. Determine the following for each load: 

1. Gross plant generation, kilowatts 

2. Net plant output, kilowatts 

3. Net plant heat rate, Btu per kilowatt hour 


Equipment Data 

1, Two steam generators, 1,300 psia, and 925 F steam, 

2. One 1,800-rpm bleeder turbine rated at 100,000 kw with extraction points at 1, 
3, 0, 9, 12, and 14 stages. Exhaust to a condenser pressure of 1.0 in. Hg abs. 

A. Calculate a plant heat balance for a throttle flow of 546,000 lb per hr based on the 
stage data of Table P-4. 

B. Calculate a plant heat balance for a throttle flow of 873,000 lb per hr; assume 
stage pressures vary directly as throttle flow to estimate stage pressures. 

3 Major pump locations—all pumps motor-driven centrifugal. 
a. Two boiler feed pumps in parallel—suction from No. 5 heater. 
h. Two tank pumps in parallel—^between heaters 3 and 4. 

Two main condensate pumps in parallel, between main condenser and steam- 
jot air-ejector condenser. 
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Stage No. 
1 
3 

6 

9 

12 

14 


Table P-4 
^ Data 

341 psia; no extraction economically warranted 
211 psia; steam leads to steam-jet air ejector and No. 5 
closed heater 

101.0 psia; steam combines with turbine gland leakage and 
leads to No. 4 closed heater 
41.1 psia; steam leads to No. 3 deaerating heater 
14.5 psia; steam leads to No. 2 closed heater 
4.3 psia; steam leads to No. 1 closed heater 


4. Heater equipment flows. 

a. No. 5 heater condensate flashed to No. 4 heater. 

b. No. 4 heater receives boiler-feed-pump gland leakage; condensate flashed to 
No. 3 heater; No. 4 heater receives turbine high-pressure gland leakage. 

c. No. 2 heater condensate flashed to No. 1 heater. 

d. No. 1 heater condensate pumped into feedwater discharge line from No. 1 

e. Air-ejector-condenser condensate flashed to main condenser hotwell; feed- 
water from air-ejector condenser flows to No. 1 heater. 

5. Miscellaneous data and notes. 

a. Make-up—2K per cent of throttle flow introduced at mam condenser hot- 
well with hf = 47.1 Btu per lb and atmospheric pressure. 

b. Boiler blowoff, two-thirds of make-up. 

c. Steam losses, one-third of make-up; consider as lost from extraction line to 
No. 5 heater. 

d Steam-jet air-ejector steam consumption 2,200 lb per hr for all throttle flows. 

e. Pressure drop from turbine shell to heaters 10 per cent of extraction pressure. 

/. Boiler feed pump and tank-pump motor and transformer efficiency 93 per cent 
for both station loads. 

g. Calculate temperature rise through feedwater pump and tank pump, assum¬ 
ing it equal in effect to the inefficiency of the pump. 

h. Consider the main condensate pump as having negligible effect on the enthalpy 
and temperature of water passing through it. 

' i. Main-condenser hotwell receives 110-F water from steam-jet air-ejector con¬ 
denser and discharges saturated water at main-condenser pressure to conden¬ 
sate pump suction. 

j. Total boiler-feedwater-pump gland leakage 63,400 lb per hr and 58,000 lb ]m 
hr for pump dischargee, corresponding to throttle flows of 546,000 and 873,000 
lb per hr, respectively; consider enthalpy equal to pump discharge enthalpy, 

fc. Base turbine mechanical losses on empirical equation. 

1. Consider a negligible increase in enthalpy through the condensate pump from 
heater No, 1. 

m. Consider water pressure between tank-pump discharge and feed-pump auc* 
tion as 600 psia average; neglect subcooling effect between tank-pump suction 
and main-condenser hotwell pump discharge. 
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Performance Data 

1. State line or condition curve (Table P-5). 


Table P-5 


873,000 lb per hr 

546,000 lb per hr 

hj Btu per lb 

s, units per lb 

hj Btu per lb 

Sj units per lb 

1387.0 (at No. 1 stage) 

1.624 

1366.0 (at No. 1 stage) 

1.658 

1350.0 

1.632 

1350.0 

1.661 

1300.0 

1.642 

1300.0 

1.670 

1250.0 

1.652 

1250.0 

1.681 

1200 

1.663 

1200.0 

1.692 

1150 

1.676 

1150.0 

1.703 

1100 

1.688 

1100.0 

1.716 

1050 

1.703 

1050.0 

1.730 

1000 

1.719 

1000.0 

1.747 

950 

1.741 

950.8 

1.769 

939 

1.748 1 




2. Stage pressure-flow chart; consider curves as straight line from flow and pressure 
given through the origin (Table P-6). 

Table P-6 


Stage 

No. 

Stage shell 
pressure, 
psia 

Flow through 
following stage, 
lb per hr 

1 

571.0 

900,000 

3 

385.0 

900,000 

6 

191.5 

900,000 

9 

81.5 

900,000 

12 

30.6 

900,000 

14 

9.7 

900,000 


Note: Values for stages 1 and 3 to be read to 2-psi accuracy; 6 and 9 to 1-psi accu¬ 
racy; 12 and 14 to 0.1-psi accuracy. 

3. High-pressure turbine gland leakage, straight line from data of Table P-7. 


Table P-7 


Gland leakage^ 
lb per hr 


Throttle flow^ 
lb per hr 


14,000 800,000 

4,500 300,000 


4. Turbine leaving velocity and exhaust loss, curve from data of Table P-8. 
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Table P-8 


Exhaust loss, 
Btu per lb 

-^- 1 

Equivalent con- | 

denser flow, lb per hr 

Exhaust loss, 

1 Btu per lb 

Equivalent con¬ 
denser flow, lb per hr 

25.2 

100,000 

11.4 

360,000 

15.6 

12.6 

140,000 

14.5 

420,000 

170,000 

18.0 

480,000 

10.9 

200,000 

20.3 

520,000 

9.8 

9.6 

10.2 

240,000 

23.9 

580,000 

280,000 

320,000 

1 27.7 

640,000 


Note: The above data apply for exhaust conditions of 1 in. Hg abs and 11.9 per cent 
moisture. To use curve for other conditions, apply following formula 


Qe = Qa 


v{i - y) 

575 


where Qe = equivalent flow^ Ib per hr 

Qa = actual condenser flow, lb per hr 
V = dry saturated specific volume, cu ft per lb 
y = fractional moisture content from the state line 
5. Generator performance curve from data of Table P-9 for 100,000 kw, 1,800 rpm, 
13,800 volts, 0.9 power factor; 111,111 kva. 


Table P-9 


Generator output, 
1,000 kw 

Generator losses, 
kw 

Generator output, 1 
1,000 kw 

Generator losses, 
kw 

0 

10 ' 
20 

30 

40 

50 

-- 

490 J 

505 

522 

560 

580 

620 

60 

70 

80 

90 

100 

665 

715 

775 

840 

910 

6. Boiler efficiency (Table P-10). 

Table P-10 


Steam output, 
lb per hr 

Efiiciency, 
per cent 

Steam output, 
lb per hr 

Efficiency, 
per cent 

300,000 

400,000 

500,000 

600,000 

87.65 

87.78 

87.95 

88.08 

700,000 

800,000 

900,000 

1,000,000 

88.10 

88.05 

87,80 

87.16 
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7. Heater terminal temperature difference; performance curves are straight lines 
through the origin (Table P-11). 


Table P-11 


Heater 

No. 

Water flow 
through heater, 
1,000 lb per hr 

Termin al-t emp er ature 
difference, °F 

5 

1,200 

6.4 

4 

1,100 

4.7 

2 

900 

4.0 

1 

700 

4.2 


Note: Condensate from all heaters is saturated at the heater pressure. 

8. Data for all auxiliary power exclusive of boiler-feed-pump and tank-pump require¬ 
ments; curve is straight line between points (Table P-12). 


Table P-12 


Generator loadj 
kw 

100,000 

10,000 

9. Boiler feed pumps (Table P-13). 
Table P-13 


Flow, 

gpm 

Total 
head, ft 

Efficiency, 
per cent 

0 

3,170 

0 

200 

3,170 

26.5 

400 

3,165 

44.0 

600 

3,150 

57.0 

800 

3,075 

66.0 

1,000 

2,950 , 

71.5 

1,200 

2,750 

74.0 

1,300 j 

2,550 

73.0 


Auxiliary power, 
kw 

4,000 

2,200 

10. Tank pumps (Table P-14). 

Table P-14 


Flow, 

gpm 

Total 
head, ft 

Efficiency, 
per cent 

0 

1,940 

0 

200 

1,930 

26.0 

400 

1,915 

46.0 

600 

1,885 

59.2 

800 

1,835 

69.0 

1,000 

1,745 

75.0 

1,150 

1,615 

76.0 

1,200 i 

1,545 

75.8 

1,300 

1,250 

75.0 


Notes on Heat-balance Solution 

1. Draw a cycle-equipment hookup diagram on 83^^- by 11-in. sheet as a guide for 
UHC during solution of entire problem. 

2. Draw final-equipment hookup diagram, using standard symbols on 18- by 24-in. 
Nliect. 

3. State line curve plotted on Mollier chart full size. Use fine inked line. 

3. Stage pressure-flow chart on 11- by 17-in. graph sheet. All other graphs on 
by 11-in. sheet. Use hard pencil and plot accurately. 
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5. In.«t la h»«, »d lurbm. t.bul.U.. (T.bl. P-lb) from .v.ll.W. 

data and computations as the solution progresses. 


Table P-15. Heater and Turbine Tabulation Sheet 



3 

5 

6 

4 

9 

3 

12 

2 

14 1 
1 

Stage pressure, psia. 






Heater pressure (0.9 X stage pressure), psia 




! 


Saturated temp, in heater, F. - 






Saturated fi/in heater, Btu per lb... . 






Water into heater, lb per hr. 






Terminal temperature difference, F. • 






Temperature feedwater out, °F. - 






fez-feedwater out (uncorrected-), Btu per lb. .. 





-^ 

Subcooled enthalpy correction, Btu per lb 



Ncg. 

! Neg. 

Ncg. 

/i/-feedwater out (corrected), Btu per lb. ^ 






Bled-steam enthalpy, Btu per lb. ■ 






Bled steam, lb per hr..... 





.J 

Inlet steam to heater, lb per hr.. 






Flow past stage, lb per hr.... 







16 11 a Draw a line diagram showing main lines and valves for a ^egenerativt 

b”tdSTbe tollcing id .. ta .. tb. d... .nd .«»». !«»«lb 

all lines in the order given below. Show values for loads as assigned. 


1. Absolute pressure, psia 

2. Temperature, °F 

3. Enthalpy values, Btu per pound 

4. Mass flow, pounds per hour 

c. Determine the following for each load: 

1. Gross plant generation, kilowatts 

2. Net plant output, kilowatts 

3. Net plant heat rate, Btu per kilowatthour 
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Major Equipment 

1. One steam generator rated 1,800 psia, 1000 F superheater temperature, 1000 F 
reheat temperature. 

2. One 3,600-rpm turbine generator rated at 156,250 kw with extraction points at 
six stages. Exhaust to a condenser pressure of 2.5 in, Hg abs. 

A. Calculate a plant heat balance for a throttle flow of 1,200,000 lb per hr with the 
evaporator in service. Base on stage pressure data as in Table P-16. 


Table P-16 


Stage No. 


Stage pressure^ psia 


6(X-0) 554.4 

9 230.5 

Deaerator 132.9 

13 73.7 

15 28.5 

17 10.2 


B. Calculate a plant heat balance for a throttle flow of 1,045,200 lb per hr with the 
evaporator out of service. Solution to be based on assumption of stage pres¬ 
sures and calculations to check the assumptions. 

3. Basic plant layout information. 

A power station in the southwest of the country is operated on a regenerative 
single-reheat steam cycle. The following equipment is used in the given order: 

1. Boiler containing primary and reheat elements 

2. Turbine, consisting of three shells mounted in tandem: high- and inter- 
mediate-pressure shells are of the single-flow type with high-pressure ends 
adjacent; they are followed by the double-flow low-pressure turbine (flow 
from the middle) 

3. Condenser 

4. Condenser pump 

5. Gland steam exhauster (closed water heater) 

6. 17th-stage heater (closed water heater) 

7. 15th-stage heater (closed water heater) 

8. 13th-stage heater (closed water heater) 

9. Deaerator (direct mixing) 

10. Boiler feed pump (two pumps in parallel) 

11. 9th-stage heater (closed water heater) 

12. Cross-over (X-0) 

13. Evaporator (optional operation) 

With the exception of the deaerator, in which feedwater and steam are mixed, 
the feedwater heaters have steam on the shell side and water on the tube side. 
Steam flow occurs as follows in the given order; 

A. From the high-pressure turbine. 

1. Gland steam from t^Le high-pressure end to the intermediate-pressure 
turbine along the shaft. 

2. Gland steam from the low-pressure end is tapped from two points. 

a. From the point nearest to the shell to a bleeder line from the inter- 
mediate-pressure turbine for use in the 13th-stage heater. 
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b. From the second point to a line carrying steam bled from the turbine 
inlet; one portion of this steam mixture is piped to the gland steam 
exhauster, and the remainder is combined with steam tapped from thi 
low-pressure turfcine for use in the 17th-stage heater. 

3. Turbine discharge returns to the boiler for reheating; the return line ii 
tapped at two points: to the X-0 heater, and to the evaporator (when in 
use). 

B. From the boiler. 

1. Primary feed steam to the high-pressure turbine. 

2. Reheated steam to the intermediate-pressure turbine. 

3. Blowdown. 

C. From the intermediate-pressure turbine. 

1. Bleed steam to the 9th-stage heater. 

2. Bleed steam to the deaerator. 

3. Bleed steam to 13th-stage heater (combined with a portion of the high* 
pressure-turbine gland steam). 

4. Discharge to the middle of the low-pressure turbine. 

5. Gland leakage may be neglected. 

D. From the low-pressure turbine. 

1. Bleed steam from corresponding points on both sides to the 15th-stagi 
heater. 

2. Bleed steam from corresponding points on both sides to the 17th-stag< 
heater (combined with one part of the high-pressure-turbine gland-steam 
and inlet tap-steam mixture). 

3. Exhaust, combined from both sides, to the condenser. 

4. Gland steam may be neglected. 

E. From the condenser feedwater goes to the condenser pump. 

F. From the condenser pump to the gland-steam exhauster. 

G. From the gland-steam exhauster. 

1. Feedwater to the I7th-stage heater. 

2, Condensate directly to the condenser hotwell. 

H. From the 17th-stage heater. 

1. Feedwater to the 15th-stage heater. 

2. Condensate directly to the Hotwell of the condenser. 

I. From the 15th-stage heater. 

1. Feedwater to the 13th-stage heater. 

2. Condensate to the shell side of the 17th-stage heater. 

J. From the 13th-stage heater. 

1. Feedwater to the deaerator. 

2. Condensate to the shell side of the 15th-stage heater. 

K. From the deaerator feedwater goes to the boiler feed pump. 

L. From the boiler feed pump (which consists of two units in parallel) it proceiHll 

to the 9th-stage heater. 

M. From the 9th-stage heater. 

1. Feedwater to the X-0 heater. 

2. Condensate directly to the deaerator. 

N. From the X-0 heater. / 

1. Feedwater directly to the boiler, 

2. Condensate to the shell side of the 9th-stage heater. 

O. From the evaporator when in use. 

1. Make-up water (from shell side) to the deaerator. 

2. Condensate to the deaerator (separate line). 
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3. Blowdown (from shell side). 

Note that make-up water is added to the shell side of the evaporator. If the 
evaporator is inoperative, make-up water enters the hotwell of the condenser. 

Performance Data 

1. Gland leakage and enthalpy curves as in Table P-17. 


Table P-17 


1’hrot.tle flow, 
1,000 lb 
per hr 

Ijeakage 
No. 1, 

Jb per lir 

Enthalpy of 
leakage No. 1, 
Btu per lb 

Leakage 
No. 2, 
lb per hr 

Leakage 
No. 3, 
lb per hr 

Leakage 
No. 4, 
lb per hr 

300 

4,800 

1382 

2,100 

450 

250 

500 

7,950 

1399 

3,500 

750 

400 

700 

11,150 

1415 

4,900 

1,100 

600 

900 

14,400 

1431 

6,300 

1,400 

750 

1,200 

19,200 

1455 

8,400 

1,900 

1,000 


Leakage No. 1, first-stage packing leakage to intermediate-pressure turbine. 

Leakage No. 2, first high-pressure-turbine exhaust leakage to 13th-stage heater (use 
high-pressure-turbine exhaust enthalpy). 

Leakage No. 3, second high-pressure-turbine exhaust leakage to I7th-8tage heater 
(use high-pressure-turbine exhaust enthalpy). 

Leakage No, 4, valve-stem leakage to 17th-stage heater (use throttle enthalpy 
for leakage No. 4). 

2. Extraction-stage-shell pressure curves (Tables P-18 to P-23). FFS = flow to 
following stage = throttle flow minus leakages and all extractions from preceding 
stages and stage in question, plus any steam returned to the turbine ahead of 
the stage in question. ESSP = extraction-stage-shell pressures. 


Table P-18. X-0 Extraction 
Stage 


Table P-19. Ninth-stage 
Extraction 


FFS, Ih per hr 
100,000 
400,000 
700,000 
1,000,000 


ESSP, psia 
51 
202 
356 
507 


FFS, Ih per hr 
100,000 
400,000 
700,000 
1 , 000,000 


ESSP, psia 
23 
90 
150 
223 


Table P-20. Deaerator 
Extraction Stage 


Table P-21. Thirteenth- 
stage Extraction 


FFS, lb per hr 
100,000 
400,000 
700,000 
1,000,000 


ESSP, psia 

14 

53 

93 

133 


FFS, lb per hr 
100,000 
400,000 
700,000 
1,000,000 


ESSP, psia 
8 
31 
54 
77 
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Table P-22. Fifteenth-stage 
Extraction 


FFS, lb per hr 
100,000 
400,000 
700,000 
1,000,000 


ESSP, psia 
3.2 
12.7 
22.1 
31.5 


Table P-23. Seventeenth- 
stage Extraction 


FFSf lb per hr 
100,000 
400,000 
700,000 
1,000,000 


ESSP, psia 
1,3 
4.9 
8.5 
12.1 


3. State line or condition curves. 

A. At 1,200,000 lb per hr throttle flow points for plotting expansion curve oa 
Mollier chart as in Table P-24. 


Table P-24 


Pressure, psia 

For intermediate- and low-preSBure turbines; 
480 
250 
150 
100 
50 


Enthalpy, Bin per lb 


1518 

1435 

1378 

1335 

1270 


20 

15 

10 

5 

2.5 

2.5 in. Hg 

For high-pressure turbine: 
First stage, 1,360 
End point, 554 psia 


1196 

1175 

1148 

1106 

1065 

1028 

1455 

1353,3 


B. At 1,045,200 lb per hr throttle ^flow points for plotting expansion curve oh 
Mollier chart as in Table P-25. 


Table P-25 

Pressure, psia 

For intermediate- and low-pressure turbines: 
430 
300 
200 
150 
100 


Enthalpy, Btu per lb 


1521 

1475 

1425 

1392 

1350 


50 

26 

16 

5 

2.5 

2.5 in. Hg 

For high-pressure turbine: 
First stage, 1,140 
End point, 494 


1282 

1226 

1190 

1112 

1074 

1036 

1442 

1342 
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4. Heater terminal temperature* difference curves. 
(2 by 2 cycles). 


Table P-26 


Plot on logarithmic paper 


Water flow, 
1,000 lb per hr 

°F terminal difference 

X-0 and 9th-stage 
heaters 

I3th-stage 

heater 

15th- and 17tli- 
stage heaters 

150 

0,148 

0.118 

0.104 

300 

0.600 

0.468 

0.417 

600 

2.42 

1.90 

1.68 

1,200 

9,65 

7.50 

6.75 


5. Drain-cooler temperature curves as in Table P-27, 

Table P-27 


Drain flow 

Degrees of 

1,000 lb per hr 

approach, F' 

X-O stage: 

20 

2.7 

70 

9.5 

110 

14.9 

140 

19.1 

9th stage: 

20 

2.1 

90 

9.5 

140 

14.8 

180 

19.1 

13th stage: 

10 

2.6 

40 

10.5 

60 

15.9 

70 

18.5 

15th stage; 

20 

2.8 

70 

9.9 

110 

15.6 

140 

19.9 

17th stage; 

20 

1.6 

80 

6.7 

140 

11.8 

190 

16.0 


® Degrees of approach = (temperature 
of bleed-steam condensate leaving heater) 

— (temperature of entering feedwater). 

6. Turbine exhaust-loss curve. Exhaust loss at 1.0 in. Hg abs, 11.9 per cent mois¬ 
ture, 3,600 rpm (Table P-28). 

* Terminal difference = (saturated-steam temperature within heater) — (temper- 
iiture of leaving feedwater). 
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Notes: 

(1) To obtain the enthalpv of steam entering the condenser, multiply the exhau»i. 
loss by 0.96 (the approximate turbine internal efficiency), and add the result so^ 

obtained to the expansion-line end point. , 

(2) This exhaust-loss curve includes the loss in internal efficiency which occUTi 

at light flows as obtained in tests. j *uj 

(3) To use this curve for exhaust conditions other than specified above, rea 
exhaust loss at the equivalent flow obtained from the following expression, 

n - O ~ 

where Qe = equivalent flow per row of last-stage buckets, lb per hr 

Qa = actual condenser flow, lb per hr 4 

= saturated dry specific volume, cu ft per lb, corresponding to actuil 
exhaust pressure, (when end point is in superheat region, - 
actual specific volupie at end point) 
y = fractional moisture content at expansion-line end point 
575 = specific volume, cu ft per lb, at 1 in. Hg abs, 11.9% moisture 
N = number of rows of last-stage buckets (N = 2) 

Table P-28 1 

Equivalent flow per row of last-stage 
buckets (1,000 lb per hr) 

50. 

100 
125 
150 
200 
250 
300 
350 
400 

450 * 

500 
550 
600 

7. Boiler-feed-pump curve as in Table P-29. 

Table P-29 


Exhaust loss, Bin per lb 
of condenser flow 
30.0 

12.3 
10.8 
12.2 
18.6 

25.5 

32.6 

39.7 

46.3 

52.7 
58.6 

64.4 
70.0 


Head, 

ft 

Efficiency, 

% 

Flow, 
U.S. gpm 

6,180 

11.5 

100 

6,170 

21.5 

200 

6,150 

39.0 

400 

6,100 

52.0 

600 

6,050 

61.0 

800 

5,950 

68.0 

1,000 

5,800 

73.5 

1,200 

5,650 

77.5 

1,400 

6,400 

79.0 

1,600 
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8. Generator loss curve. Generator losses at 30 psig, H 2 pressure. 

Table P-30 


Loss, kw 

Net generator 
output, mw 

1,580 

90 

1,640 

100 

1,700 

no 

1,770 

120 

1,840 

130 

1,920 

140 

1,990 

150 

2,080 

160 

2,170 

170 

2,280 

180 


Miscellaneous Data and Notes 

1. Assume 3 per cent pressure drop from stage to stage flange and 3 per cent pres¬ 
sure drop from stage flange to heater, 

2. Assume 1 Btu per lb decrease in enthalpy as heat loss in steam lines from stage 
flange to heater. 

3. Problem 17-6 gives data for computing evaporator flows at 1,200,000 lb per hr 
throttle flow. 

4. Gland leakages 3 and 4 go to I7th-stage heater and gland steam exhauster. 
Gland exhauster takes 1,800 lb per hr at all throttle flows. Assume gland- 
exhauster shell-side pressure 13.0 psia and condensate leaves saturated at 
that pressure. 

5. Assume negligible enthalpy increase in main-condenser condensate pump. 

6. Base calculations on a steam-generator efficiency of 84.5 per cent, which is 
obtained with gas firing, for both throttle flows. 

7. Auxiliary power data as in Table P-31. 

Table P-31 

Throttle flow, lb per hr Auxiliary power, kw 

1,200,000 6,970 

1,045,000 6,540 

8. Steam-generator performance as in Table P-32. 

Table P-32 



1,200,000 lb per hr 

1,045,000 lb per hr 

Vj 

psia 

ty 

op 

w, 

lb per hr 

Pi 

psia 

°F 

w, 

lb per hr 

Superheater outlet. 

1,925 

1007 


1,897 

1005 


1 )rum conditions. 

2,006 

636.2 


1,964 

633.2 


Ih^hoater inlet. 

531.3 

692.0 


472.1 

669 


Itelicater outlet. . . ... 

499.4 

1005 


443.7 

1005 


Illowdown. 


636.2 

12,000 


633.2 

12,000 














































4 


u 


ES 

« 


348 
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9. Base turbine mechanical losses on empirical data. 

10. Air offtake from condenser goes to a mechanical evacuating pump and is not 
to be included in the heat balance. 

16-12. Refer to the heat-balance diagram (Fig. 16-11), and determine or calculate 
the following items. 

a. Check the gross turbine load by mass-flow-enthalpy calculations. Assume 
mechanical-electrical efficiency to be 97.2 per cent. 

h. Determine the hourly coal supply to the steam generator in long tons per hour, 
based on a 13,690 Btu, per lb coal, with the steam generator operating at its highest 
reported efficiency. 

c. Check the heat balance across the following heaters: 

7th-stage heater 
lOth-stage heater 
Deaerating heater 
16th-stage heater 
18th-stage heater 

d. Determine the condenser cooling-water flow in gallons per minute based on an 
inlet temperature of 60 F and a terminal temperature difference of 5 F. 

e. Calculate the gross turbine heat rate. 

/. Calculate the plant net heat rate. 

g. Check the following: 

1. Heat balance of SJAE 

2. Enthalpy of condensate from evaporator-blowdown heat exchanger. 

3. Air flow over air-preheater steam coils in pounds per hour based on a 40 F rise 
in temperature of the air. 

16-13. Refer to the heat-balance diagram of Fig. 16-10, and determine or calculate 
the following items: 

a. Check the gross turbine-blade work load by mass-flow-enthalpy computations, 
and determine the mechanical-electrical efficiency of the unit. 

b. Determine the coal supply to the steam generator in long terms per hour, based 
on a 13,690 Btu per lb coal. Note that the water separator receives wet steam from 
the monotube steam generator and delivers dry steam to the superheater. 

c. Check the heat balance across the seven heaters. 

d. Determine the condenser cooling-water flow in gallons per minute based on an 
inlet temperature of 60 F and a terminal temperature difference of 5 F. 

e. Calculate the station net heat rate. 

/. What percentage of the steam-generator heat transfer occurs in the monotube 
Mcction, superheater, and reheater? 
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CHAPTER 17 




WATER CONDITIONING 


17-1. Troubles Caused by Water. Solid and dissolved matter in water 
deposits out on heat-transfer surfaces in a power plant, especially in the 
steam generator. These materials, like dirt and scale, have low con¬ 
ductivities and impede heat transfer severely. In high-temperature 
surfaces of steam generators this reduction of heat flow raises the tem¬ 
perature of the metal and may cause it to fail if the deposit is on the 
water side. To prevent deposits or surface fouling^ precautions must be 
taken to treat water before using it in power-plant apparatus. 

When deposits do build up on a heat-transfer surface, it must be cleaned 
to maintain efficiency and prevent failure. Feedwater impurities may 
cause: (1) scale formation, (2) corrosion, (3) carry-over, and (4) embrittle¬ 
ment. An extensive technology of water treatment for feedwater, cooling 
water, and service water in power plants has developed over the yeaM!* 
This is largely the province of the chemist, but the power-plant designer 
must be familiar with the problems and their solutions. 

17-2. Water Impurities and Treatment. Water is a world-wide 
traveler and takes many forms as it goes through its hydrological cycle* 
We tap this cycle to get our water from: (1) the surface—ocean, river, or 
lake, or (2) the ground—well or»spring. At one time or another thin 
water was rain and it picks up oxygen, nitrogen, and carbon dioxide along 
with dust, fumes, smoke, and other matter as it falls. Surface waters 
.accumulate silt, organic matter, sewage, and industrial wastes. Ground 
water dissolves and carries with it mineral matter as salts of calcium jmd 
magnesium. 

Water may be analyzed and reported in three ways: 

1. Ionic. Ions shown as Ca, Mg, Na(HC 03 ) 2 , SO 4 , Cl, etc., to include 
all impurities. 

2. Combination. Compounds as CaCOs, CaS 04 , MgCOs, etc., to 
include all impurities. 

3. Hardness. Based on standard soap test indicating total hardness 
as CaCOs, calcium hardness as CaCOs, etc., for all contents. 

Modern practice gives all analyses as parts per million (ppm) of ( he 
item; older practice states them as grains per gallon (17.1 ppm = 1 grain 
per gal). 


1 , 

If 

ii 
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The ionic form is easy to determine and may be converted to the com- 
1 )ination form by empirical rules. The ionic form gives the basic informa¬ 
tion needed to make treatment calculations. The hardness analysis, 
while not as precise as the ionic, can be made quickly and proves useful 
for operating control showing changes in water condition. 

Water authorities give the specific water impurities and their control 
iis: 

Color. Causes foaming in boilers and may interfere with treatments; 
may be removed by coagulation and filtration, chlorination, or adsorption 
by activated carbon. 

Algae and slime. Cause coating on cooling-tower surfaces and cool¬ 
ing-water side of heat exchanger and clog spray ponds; removed by 
(ihlorination. 

Suspended solids. Consist of colloidal matter that deposits on equip¬ 
ment surfaces; removed by settling, coagulation, and filtration. 

Dissolved solids. Cause foaming in boilers; removed or decreased by 
distillation, demineralization, or softening. 

Oil. Causes sludge, scale, and foaming in boilers; removed by strainers, 
(ioagulation and filtration, and baffle separators. 

Hardness. Indicates presence of calcium and magnesium salts which 
scale up pipelines, heat exchangers, and boilers; removed or decreased by 
distillation, softening, or internal boiler treatments. 

Alkalinity. Indicates presence of sodium bicarbonate, carbonate, and 
hydroxide, which cause foaming in boilers, carry-over, and embrittlement 
of boiler steel; removed or decreased by lime and lime-soda softening, 
acid treatment, hydrogen zeolite softening, demineralization, distillation, 
or dealkalization by anion exchange. 

Free mineral acid. Usually present as sulfuric or hydrochloric acid 
and causes corrosion; reduced by neutralization with alkalies. 

Carbon dioxide. Causes corrosion in steam, water, and condensate 
lines; removed by aeration, deaeration, or neutralization with alkalies 
or filming and neutralizing amines. 

Oxygen. Causes corrosion and pitting of water lines, boilers, return 
lines, and heat exchangers; removed by deaeration, sodium sulfite, cor¬ 
rosion inhibitors, or hydrazine. 

Sulfate. Causes calcium sulfate scale by combining with calcium; 
removed by distillation, soda ash, phosphate, or demineralization. 

Chloride. Causes increased corrosive action of water; removed by 
distillation or demineralization. 

Silica. Causes very hard scale in boilers and cooling-water systems 
and forms insoluble deposits on turbine blades; removed by hot process 
with magnesium salts, distillation, or adsorption by highly basic anion- 
(^xchange resins together with demineralization. 
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Iron. Causes deposits in boilers, heat exchangers, and water lines; 
removed by aeration, cation exchange, lime softening, coagulation and 
filtration, or surface active Reagents. 

Ammonia. Causes corrosion of copper and zinc alloys; removed by 
cation exchange with hydrogen zeolite, deaeration, or chlorination. 

pH index. Indicates the hydrogen-ion concentration in water; neutral 
water has a pH of 7.0; values less than 7.0 show acidity and greater than 
7.0 show alkalinity. The pH of water can be varied by adding alkalies 
or acids. Natural waters range usually from 6 to 8 pH. 

17-3. Removing Suspended Matter. Treatment processes usually 
remove suspended material before the dissolved matter: 

Sedimentation. Involves allowing water to stand quietly or flow at 
very low velocity. The solid matter settles, to be removed periodically 
or continually from the bottom. Clear water drains from the surface 
of the settling chamber. 

Coagulation of minute colloidal suspensions makes them settle out 
easily. Adding a coagulant like aluminum sulfate or sodium aluminate 
improves the sedimentation or filtration process. A reaction between 
these salts and alkalinity in the water forms a gelatinous material (floe). 
The floe makes small particles adhere to each other, forming larger 
particles that settle out or filter out more easily. 

Filtration. Makes dirt-laden water flow through beds of material like 
graded sand or anthrafilt. The suspended matter adheres to the filter 
material, leaving the water clear as it drains from the bottom. The beds 
must be backwashed periodically to remove the dirt that collects in the 
voids of the filter material. Water flows by gravity through a gravity 
filter. Figure 17-1 shows a pressure filter that may be placed in a line- 
fed by a pump. • 

17-4. Removing Dissolved Gas. Water containing dissolved CO a, 
H 2 S, and other gases corrodes metals. Aeration and degasification remove 
these gases before chemical treatment. In aeration water is sprayed 
through towers to give the water a maximum surface through which the 
gases may escape. Aeration also destroys organic matter in sewage- 
polluted water. 

17-6. Preventing Scale, and Removing Sludge. The lime-soda soften¬ 
ing process uses calcium hydroxide (lime) and sodium carbonate (soda 
ash) to remove dissolved calcium and magnesium salts, by precipitating 
them. This may be done by either a cold process or a hot process. The 
processes use these types of reactions: 

Mg(HC03)2 + 2Ca(OH)2 = Mg(OH) 2 i + 2 CaC 03 i + 2H2O (17-1) 
MgCU + Ca(OH )2 = Mg(OH) 2 j + CaCh (17-2) 

CaCl 2 + NasCOs = CaCOsi + 2NaCl (17-3) 

CaS 04 + NasCOs = CaCOai + Na 2 S 04 (17-4) 
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The arrows show the molecule precipitated from the solution. In 
Eq. (17-1) all the carbonate hardness precipitates out, leaving pure water. 
In Eqs. (17-2) to (17-4) the noncarbonate hardness precipitates, to be 
replaced by soluble sodium salts. The magnesium hydroxide [Mg(OH) 2 ] 
acts as a coagulant and has the property of adsorbing soluble silica from 
solution. 


\Wf}en filtering^ fhw 
\ 2 -3 qpm per sq ff of 
fiffer cross section 


Air relief valve 



TYPICAL BED 

Fine sand or 
filter material 
^ 16-20 in, thick 
^ about 
^in. size 

Graded layers 
of grave! fotot- 
ing 12-20 in 
thick up to 
^ -t in. size 


TFiltered water 
^ to waste 

Fig. 17-1. Typical vertical shell pressure filter. Note the alum pot for addition of a 
coagulant and piping for direct and backwash operation. 


Figure 17-2 shows a hot-process softener used in power plants. The 
original water hardness usually is not completely removed, because of 
the chemical cost. Even when some excess chemicals are used, the 
effluent hardness will range from 10 to 30 ppm. 

Hot-process phosphate softening uses trisodium phosphate and caustic 
soda to precipitate and remove calcium and magnesium hardness. The 
reactions are 

3 Ca(HC 03)2 6 NaOH = SCaCOsJ, 3 Na 2 C 03 -|- 6 H 2 O (17-5) 

SCaCOs 2 Na 3 P 04 = Ca 3 (P 04 ) 2 >l ~h 2 Na 2 C 03 (17-6) 

Mg(HC 03)2 + 4NaOH = Mg(OH) 2 i + 2 Na 2 C 03 + 2 H 2 (17-7) 

3CaS04 + 2Na3P04 = Ca3(P04)2i + 3Na2S04 (17-8) 
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Equipment as in Fig. 17-2 carries out the operation at 212 F or higher. 
Phosphates also remove silica compounds, which are troublesome in high- 
pressure boilers. Phosphate chemicals cost more than lime soda, and 

so a two-stage process is used for 
waters with high hardness, 60 
ppm and up. A first-stage lime- 
soda softener is followed by a 
second-stage phosphate treat¬ 
ment. The latter tends to pro¬ 
duce high alkalinity and may be 
offset by adding acid phosphate 
(H3PO4) or sulfuric acid. 

Silica removal became impoiv 
tant with the advent of high pres¬ 
sures above 1,000 psig. Silica 
tends to form hard boiler deposit! 
and deposits as a hard scale on 
certain turbine stages. It evapt>» 
rates with the water at the highoi* 
pressures and condenses at lower 
pressures in the turbine as th! 
steam expands. The hot-prooeii 
lime soda and phosphate treat- 
• ment removes part of the silioai 
Magnesium compounds may be 
used to remove silica by adsorp* 
tion, instead of by a chemical ro* 
action. Magnesium compoundN 
may be magnesium sulfate, dolo- 
mitric lime, calcined magnetite, 
magnesium carbonate, or 
sium oxide. An effective procOiN 
uses 212 F, with retention UmttPi 
up to 1 hr and a pH of about HI, 
and recirculates the sludge. Sill cm 
may also be removed by a cold 
process using ferric iron otiiii" 
pounds, such as ferric sulfatf 



Fig. 17-2. Typical hot-process softener of 
sludge blanket design. Note water in 
downtake flows down, then up, through a 
bed of its own sludge before leaving for 
filtering. This action improves softening, 
reduces ehemicals required, lowers tur¬ 
bidity of water, and reduces silica^ Basi¬ 
cally raw water enters and is heated by 
steam and mixed with a proportioned treat¬ 
ment of chemicals. Note that deaeration 
may be carried out in conjunction with the 
hot-process softening. 


hydrous ferric oxide, and the adsorption method. But the hot method In 
preferred because ferric salts increase the water solids content and a Iur|(N 
amount is needed. 

Sodium zeolite softening uses one form of zeolites, which are 
materials of complex chemical structure and of a sandy texture. I lu»y 
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remove various ions from the water, replacing them with other ions of 
like charge. In the usual sodium zeolite process the sodium of the 
softening bed replaces the calcium and magnesium that make up the 
hardness. This makes the bed change to calcium and magnesium 
zeolite, while the sodium forms of the salts leave with the treated water. 



^'iG. 17-3. Typical equipment for base-exchange zeolite softener. The zeolite is sup¬ 
ported on a bed of graded sand and gravel or anthracite. 

'i'he reaction removes positive ions or cations from water, 

Ca++ + NasZ = CaZ + 2Na++ (17-9) 

When the bed no longer supplies sodium ions, it is regenerated with 
sodium chloride, 

CaZ -h 2NaCl = Na^ + CaCh (17-10) 

r'igure 17-3 shows a typical zeolite-softener diagram and resembles a 
filter as in Fig. 17-1, with necessary auxiliary piping for normal and 
regeneration processes. Zeolites almost completely remove hardness 
hut do not reduce alkalinity or total solids. They are limited to about 
I40F and below; too low or high a pH affects them. Turbid water 
does not react well with zeolite sands. They do not remove silica and 
may even add it. Effluent from a zeolite bed, being low in calcium, may 
1)0 corrosive. A postacid treatment may reduce excess alkalinity from 
Ihe sodium zeolite. Over-all treatments ordinarily use zeolite beds as 
one of the processes. 
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Hydvogen zeolite softening uses a nonsiliceous material that exchanges 
hydrogen ions for cations as calcium and magnesium when used in equip-* 
ment similar to that of Fig. 17-2. Typical reactions are 


Ca(HC 03)2 + H 2 Z = CaZ + 2 H 2 CO 3 (17-11) 

MgCU + H 2 Z = MgZ -h 2HC1 (17-12) 

Na 2 S 04 + H 2 Z = NaZ -h H 2 SO 4 (17-13) 

Acids, mostly sulfuric, regenerate exhausted beds with the reaction 

Ca ) Ca ) 

Mg [ Z -f H 2 SO 4 = H 2 Z + Mg SO 4 (17-14) 

Naz) ^^2) 


Aeration removes the carbonic acid that decomposes after being produced 
according to Eq. (17-11). This removes the bicarbonate alkalinity 
without substituting other salts and so reduces the total solids. Zeolites 
are suitable for boiler water low in hardness and high in bicarbonate 
alkalinity. Running sodium and hydrogen zeolites in parallel and post 
treatment with alkali or dilution with raw water neutralizes the acidity 
of the effluent. Hydrogen zeolites cannot be used with turbid water 
and may be costly. The effluent of parallel degasified hydrogen-sodium 
zeolites may be corrosive because of dissolved oxygen. 

Anion Exchangers, Anions such as chlorides, sulfates, and nitrate* 
may be removed from water with certain resinous materials. These 
materials adsorb anions when the latter are in acid forms by removing 
the entire molecule. For example, 

2HC1 -b RCO3 = RCI2 + H2CO3 (17-16) 

Aeration removes the carbonic acid. A typical reaction for regenerating 
the anion exchanger is 

RCI 2 + Na2C03 = RCO3 + 2NaCl (17-16) 

These exchangers use the same type of equipment as the hydrogen and 
sodium zeolites. 

Demineralization. Water may be freed of its mineral content by 
evaporation or by a series of cation and anion exchangers to produce 
essentially distilled water. Demineralizing often is the most econo^mioal 
method of producing make-up water for high-pressure boilers. ligUW 
17-4 shows a series process for demineralization. Raw water flow* 
through a hydrogen zeolite exchanger (cation removal) and then to an 
anion exchanger, followed by aeration or degasification. The final 
exchanger adsorbs silica. 

A simple demineralizer would use only the first two units. An expat id* 
ing variety of ion-exchange material is being developed for demincniliKliig 
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systems. Strong-base anion-exchange material adsorbs weak acids 
(silica types) as well as strong acids. Weak-base anion-exchange mate¬ 
rials are most efficient for removing chlorides, sulfates, and nitrates. 
Sometimes mixed-bed anion-exchange materials are used to “ polish 
the effluent of the main anion exchangers. 

Acid treatment of feedwater by direct addition of acid may be replaced 
by using the acidic effluent of the hydrogen zeolite process, usually in 
parallel with a sodium zeolite unit. Sulfuric acid is most often used for 
direct addition, but sometimes phosphoric or hydrochloric acid may be 



demineralized water 


Fig. 17-4. Typical arrangement of demineralizing system using two exchangers, 
degasifier, and adsorber. 

better. Acid treatments may be used to reduce alkalinity, increase the 
sulfate-carbonate ratio, reduce the carbon dioxide content of steam leav¬ 
ing a boiler, or prevent disintegrating the zeolite bed if the pH of the 
make-up is too high. Equipment for direct addition includes: acid- 
resistant tanks, proportioning feeders, and degasifiers or deaeration 
chambers for carbon dioxide removal. 

Evaporation by evaporators (Fig. 14-9) may be used to supply small 
amounts of make-up water in a closed cycle in place of chemical treat¬ 
ment. The feedwater to the evaporator, however, is usually treated. 
The evaporator steam (make-up) enters the main cycle by condensing 
in the deaerating heater. Economics governs the choice between 
chemical treatment and evaporation. Evaporators are hmited to less 
than 5 per cent make-up. 

17-6. Corrosion, Corrosion in power-plant equipment produces pits, 
grooves, and cracks or a general wastage of the wall material. Allowed 
to continue, corrosion ultimately makes metal parts fail. Corrosion 
mechanisms are under close study. While the results are not conclusive, 
the mechanisms appear to act as follows: 

Dissolved gases are the most prevalent cause of corrosion; oxygen may 
l)e the most active, but CO2, NH4 and H2S are also detrimental. Dis- 
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solved O 2 may enter in the make-up water or through leaks in the con¬ 
densate system around the hotwell and low-pressure heaters. 

Figure 17-5 outlines the ac^ion of dissolved O 2 in water in contact with 
iron; iron ions replace the hydrogen in ionized water. Hydrogen deposit¬ 
ing on the iron tends to form a film, but this hydrogen combines with dis¬ 
solved oxygen to expose the iron surface continuously. The iron ions 
react as follows: 

Fe++ -b 20H- = Fe(OH )2 (17-17) 

2 Fe(OH )2 -b O 2 -b 2 H 2 O = 2Fe(OH)4 (17-18) 


The material formed is ferric hydroxide [Fe(OH) 4 ], or common rust; ferric 



Fig. 17-5. Effect of iron in contact with 
water-dissolved oxygen. 


oxide (Fe203*3H20) may also form. 

Corrosion from oxygen frequently 
appears in high-temperature regions 
as pits or depressions with a hard 
crust and having an underlayer of 
black magnetic oxide of iron (Fe 304 ) 
or red ferric oxide (Fe 203 ). Keep¬ 
ing oxygen out of the water pre¬ 
vents the dissolved-gas type of 
corrosion. This can be done me- 
chanically with deaerating heaters, 


as in Chap. 14 or chemically by treatment. The deaerator leaves traces 
of oxygen, and supplemental chemicaj treatment removes it. Thef 
treatment produces the reaction 


2Na2S03 + 02 = 2Na2S04 (17-19) 

The sodium sulphate is soluble. ^ newer and promising method uses 
hydrazine with the reaction 

N 2 H 4 + 02 = 2 H 2 O + N 2 (17-20) 


Hydrazine solution is a clear, water-white, alkaline liquid with an odor 
like ammonia. It contributes alkalinity with end products of water 
and no solids. The nitrogen evolves with the steam. 

Carbon dioxide may be in the make-up water or may be formed hy 
decomposition of sodium bicarbonate in the water at boiler tempera.t uro. 
Corrosion by CO 2 appears as a general wastage or grooving of the metal 
in the steam space of a drum. The gas evolves with the steam. Boiler 
corrosion of this type is not common. 

Corrosion from ammonia and hydrogen sulfide is not common either, 
because these gases are rarely found in feedwater. But ammonia imdn 
to attack copper or its alloys, and hydrogen sulfide causes acidic commlun 
similar to that caused by carbon dioxide. 
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Acidity, Since corrosion proceeds by metal ions replacing hydrogen 
ions, waters that are relatively acidic (low pH) tend to be corrosive. 
This appears as a general thinning and corrosion of the metal and happens 
frequently in economizers. Soda ash or sodium hydroxide is injected for 
alkalinization and keeps pH at about 10.5. Acidity raises the rate of 
corrosion of waters. 

Electrolysis and Galvanic Action. Two dissimilar metals in equipment 
handling water cause galvanic action. This makes the metal of higher 
electronegative potential in the electrochemical series pass into solution. 
This should be avoided because chemical treatment cannot counteract 
this type of corrosion. 

Stray electrical currents through piping or equipment may also cause 
electrolytic action. Stray currents may be caused by high-voltage lines 
closely paralleling steam or water piping or from improper grounding of 
electrical equipment. These conditions can be corrected only by 
eliminating the causes. The corrosion from these sources resembles that 
caused by oxygen, but few cases of these types occur in power plants. 

Steam above about 750 F is corrosive to iron, the chemical reaction 
producing black magnetic oxide (Fe 304 ) and hydrogen. This can be 
avoided by using corrosion-resistant alloys, usually of a high chromium 
content. These alloys are expensive. In laying out a superheater the 
designer must make an economic choice between thicker-walled con¬ 
ventional alloys and high-cost corrosion-resistant alloys. 

Sometimes corrosion of internal and external surfaces may be avoided 
by applying protective coatings. If the coating should fail, the metal 
underneath may suffer accelerated local corrosion. 

17-7. Internal Boiler Treatments. Small low-pressure boilers using 
pure make-up water may use boiler compounds for an internal chemical 
water treatment. The compounds may contain caustic soda, soda ash, 
sodium phosphates or tannin, or starch. These control corrosion and 
scale. The chemicals react with the hardness to form a precipitate. 
The organic tannins and starches prevent the precipitates from adhering 
to the tubes or drums. 

Periodic blowdown of the boiler-water circuit removes these precipitates 
suspended in the water. Each plant has its own specific feedwater 
problems, best solved by competent analysis chemically; this yields a 
pi-escribed treatment for control. Trained chemists are the only ones 
capable of dealing with these problems. 

17-8. Carry-over. Water solids carried over in the steam leaving a 
boiler drum are called “carry-over.^^ Foaming or priming of the boiler 
water forms the carry-over. In foaming, bubbles form'^on the water 
surface and may fill the drum steam space. Excessive amounts of sodium 
alkalinity, or finely divided calcium phosphate, or oil may cause foaming. 
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Priming refers to the vigorous and periodic surging of water in the boiler 
drum that throws water slugs into the leaving steam. This may be 
caused by excessive steamitg rate, too high or fluctuating a water level, 
and improper boiler-water circulation. Carry-over may originate from 
mechanical or chemical causes. 

Carry-over has detrimental results. The water droplets carrying 
solids evaporate and build deposits in valves, superheaters, and piping 
and even in the turbine or engine. Superheater deposits reduce heat 
transfer and raise tube-metal temperatures. Deposits on turbine blading 
reduce efficiency and capacity and may unbalance the rotor. Deposits 
forming on governing valves raise a serious hazard. 

The purity of steam depends upon its moisture content and the con¬ 
centration of solids in the liquid. Purity is 


P = 



(17-21) 


where P = purity of steam, ppm 
Y = moisture in steam, % 

C = boiler-water solids concentration, ppm 
Steam purity is measured from steam samples that are condensed and 
degassed. The electrical conductivity of condensate as compared with 
pure water also measures steam purity. For given steam condition# 
a throttling calorimeter helps solve Eq. (17-21). Recording instrument# 
in large power stations keep constant -watch over purity. 

17-9. Carry-over Prevention. Carry-over can be corrected only by 
removing the original cause. For example, carry-over from high waiter 
level, sudden load changes, uneven boiler circulation, or basic boiler 
design can probably be eliminafed by preventing or adjusting these 
factors. 

Boiler drum internals (Chap. 7) purify steam by removing water 
'droplets and washing with fresh incoming feedwater. The internal# 
are also called, “steam purifiers” and “dryers.” One type of purifier 
removes water droplets by centrifugal separation by making the steam 
flow in a helical path. Another type washes the leaving steam with 
incoming feedwater. This exchanges droplets of low salt concentration ( 
for high-salt-concentration droplets of boiler-drum water. This reduce# 
the solids leaving with the steam. 

17-10. Blowdown. As water vaporizes to steam in a boiler, the di»* 
solved solids remain behind to concentrate in the remaining boiler water. 
All boiler feedwaters, unless distilled, contain some solids. "When thl« 
concentration in the boiler water exceeds certain limits, the carry-over 
impairs steam purity. Draining off some of the boiler water carry in| 
excessive concentration of solids and replacing it with fresh feedwater 
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keep the solid concentration within safe limits. This is called blowing 
down the boiler^ and the discharged water is called blowdown. Required 
blowdown is calculated by 

where B = blowdown, % 

Wb = weight of water blown down from boiler, lb per hr 
WFw = weight of feedwater supplied for steam supply and blowdown, 
lb per hr 

Modern boiler operation requires that the flow of impurities in the 
power-plant steam-water circuit be known to ensure safe operation. 


impurities in 
makeup 


Impurities in 
steam 


internal chemical 
treatment 


impuritm in _ 

feedwater 

Impurities in 
blowdown 


Steam 

generator 


Fig. 17-6. Mass balance of impurities and treatment chemicals in steam generator. 


Referring to Fig. 17-6, 

W 4 = Wi + W 2 ~ TFs (17-23) 

where W 4 = impurities in blowdown = (weight of blowdown) X (allow¬ 
able salt concentration), ppm 

TF 3 = steam impurities = (weight of steam) X (impurity con¬ 
centration), ppm 

W 2 feedwater impurities = (weight of feedwater) X (impurity 
concentration), ppm 

^1 ~ internal-treatment chemicals (if used) corresponding to 
other flow rates 

When the main condensate leaving the hotwell is totally pure, 


W 5 = W 2 (17-24) 

where is the impurities in the make-up = (weight of make-up) X 
(impurity concentration), parts per million, Make-up is the difference 
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Fig. 17-7. Blowdown patterns for intermittent and continuous systems, (a) Low- 
pressure boilers; (h) high-pressure boilers. Note effect if intermittent blowdown la 
not timed properly. (Courtesy of The Permutit Company.) 



Fig 17-8 Continuous-blowdown systems are sources of heat recovery, (a) Two-levnl 
heat recovery reduces irreversibility losses; (b) use of flash tank recovers some oy.ild 
fluid in addition to heat recovery. 


between the amount of water fed to the boiler and the condensate flnW 
from the hotwell. It may be expressed as a percentage of feedwjit.nr 
flow entering the boiler. 

Allowable salt concentrations vary mainly with boiler pi'CHHUi'ii. 
Table 17-1 shows the limits recommended by the American lloiler Mimtl- 
facturers Association. Blowdown lines connect to boiler drum, mud drum, 
or lower headers of furnace waterwalls. Lines from low points retmjVK 
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Table 17-1. Allowable Boileb-water Concentration Limits 


Steam-generator 

Total solids, 

pressure, psig 

ppm 

0- 300 ^ ! 

3,500 

301- 45b ^ 

3,000 

451- 600 

2,500 

601- 750 

2,000 

751- 900" 

1,500 

901-1,000 

1,250 

1,001-1,500 

1,000 


sludge and dirt accumulations as well as salts. Blowdown may be con¬ 
tinuous or intermittent. Continuous blowdown may be some 1 to 10 per 
cent of the incoming feedwater. Figure 17-7 compares these two systems 
for both low- and high-pressure boilers. The enthalpy energy of blow¬ 
down may be recovered by incom¬ 
ing make-up or condensate in con¬ 
tinuous blowdown systems by pass¬ 
ing both through heat exchangers. 

Figure 17-8 shows two methods 
of recovering blowdown internal 
energy: (a) using high- and low- 
level heat exchangers and (b) using 
a flash tank and low-level heat 
exchanger. 

17-11. Embrittlement. Steels in 
contact with high-temperature 
impure waters experience a form of 
corrosion that disintegrates the 
grain boundaries of the steel. This 
appears particularly in riveted 
seams and stressed tube ends. The 
intergranular cracks may enlarge to 
cause structural failure. Welded 
drum construction eliminates this 
i ritercrystalline, or embrittlement, 

(u-acking in drums, but tube ends 
still suffer from this deterioration. 

Investigators believe that three 
conditions contribute to embrittle¬ 
ment: (1) slow boiler-water leaks through cracks or seams vaporize to 
l(iave behind a build-up of salts; (2) the metal must be stressed by cold 
working during fabrication, or riveting, or from expansion and con- 
Ij'action; and (3) the concentrated water in a crack must have chemical 
properties that will attack the metal 






Steam 

Specimen - - ^ 


Boiler water in 


Adjusting 
screw 

Concentrcfied^ 

solution 



Wafer out 


Fig. 17-9. Embrittlement detector as 
developed by U.S. Bureau of Mines and 
ASME Joint Research Committee on 
Boiler Feedwater Studies. Note how the 
detector reproduces a stress condition in 
the specimen (sample of boiler steel) and a 
concentrated solution of the actual boiler 
water. These detectors are adjusted 
daily and are operated over a period up to 
90 days to get an averaging effect of the 
water characteristics. 
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In plant operation only the water impurities can be varied; inherent 
stress and minute leakages cannot be controlled. Extensive studies 
have not yielded a reliable ihethod of predicting the embrittlement char¬ 
acteristics of a boiler water. To measure embrittlement, a detector 
(Fig. 17-9) is installed in the boiler where boiler water will circulate over 
it continuously, as in a continuous-blowdown line. 

Considerable research has been devoted to embrittlement control. 
Controls recommended to date include: 

1. Elimination of free sodium hydroxide from boiler water 

2. Maintenance of a definite ratio of sodium nitrate to sodium hydroxide 

3. Using tannins such as quebracho 

4. Using waste sulfite liquor 

5. Coordinating pH-phosphate control so that the boiler-water pH 
never exceeds the pH of a trisodium phosphate solution of the same PO*; 
content 

Application of any of these treatments is followed by continuous cheokij 
with the embrittlement detector until a control is established. | 

PROBLEMS 1 

17-1. A 400-hp boiler operates at 200 per cent rating. Steam condition is 250 piii 
and 500 F, with feedwater at 250 F. Feedwater contains 8 grains per gal of saUnfi 
The boiler-water concentration is to be held to 150 grains per gal. Estimate tht 

hourly blowdown in gallons. ■ u Ji ? 

17-2. Calculate the per cent continuous blowdown required for a 1,200-psia boUif 
which operates with 5 per cent make-up. Impurities in the steam are 1.0 ppm an^ 

70 ppm in the make-up. * . j t f 

17-3. Calculate the relative weights of hydrazine and sodium sulfite requirea 

oxygen removal from boiler water. j 

17-4. A 450-psia boiler supplies steam of 98.5 per cent quality. Determ™ vM 
steam purity for standard boiler concentration limits. ^ M 

17-6. A 650-psia boiler delivers 150,000 lb per hr of steam. A continuous 8 
cent blowdown is used. Steam impurities are 2 ppm with feedwater having 8 ppiTL 
Analyze these data in terms of the type of treatment used. 1 

17-6. To maintain the desired purity of an evaporator output, it is found inm 
20,500 lb per hr of raw make-up water is required at 70.0 F. The evaporator 
output of 12,000 lb per hr is delivered to the deaerator heater operating at 126,1 |:m1h 
T he line drop between evaporator and deaerator is 0.8 psi, and there is a termlnijj 
difference in the evaporator of 47 F between shell and tube-side fluids. I 

a. Compute the required flow of steam from the first extraction stage of a turblni 

if its original enthalpy is 1351 Btu per lb. u ^ 3 

b. What will the flow to waste be, and at what energy level? Could any 01 ilm 

wasted energy be recovered, and if so, how ? u * 

c. The evaporator coil drains are likewise delivered to the deaerator hoaUr# ^ 

what energy level will they be? 
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18-1. Energy Rejection. Even in today’s many efficient steam planti 
at least half the energy input must be rejected as unavailable in the 
steam-turbine exhaust. The main steam condenser performs the dual 
function of removing this rejected energy from the plant cycle and keeping 
the turbine back pressure at the lowest possible level. 

The rejected energy inevitably must be returned to the atmospherfti 
The main condenser does this by transferring the latent heat of thfl 
exhaust steam to water exposed to the atmosphere (Chap. 13). Thii 
water we call circulating, or cooling, water. Depending on design and 
plant loading, cooling water warms up by about 5 to 15 F in passing 
through the condenser j i.e.^ about 5 to 15 Btu per lb of water is picked up, 

Since each pound of exhaust steam gives up about 1000 Btu per lb 
when condensing and the cooling water picks up only about 10 Btu per llii 
we need about 1,000/10 = 100 lb of cooling water per pound of steain 
condensed. So we need a cooling-water supply about 100 times ihn 
flow rate of the steam exhausted to the condenser. For example, (i 
500-mw steam plant with an exhaust steam rate of 8 lb per kwhr will 
have a steam flow of 8 X 500,000 = 4,000,000 lb per hr at full load. To 
carry off the unavailable energy, ftie plant needs 400,000,000 lb per lir 
of cooling water. This equals, roughly, 50,000,000 gal per hr—the walei' 
needs of a fair-sized city. 

■ 18-2. Water Sources. This thirst for cooling water makes 
availability a paramount factor in choosing the plant site. NnUiriil 
sources for large quantities of water immediately suggest the oooiiiii 
bays, rivers, and lakes. Plant sites usually stand on or near the shores of 
one of these bodies of water. 

The growing demand for power in many arid areas has led to placllig 
power plants where little water can be found, and that mostly from woll^< 
Such limited supplies make power generation possible by using H[)ruy 
ponds or cooling towers. With these the cooling water follows a clrwnl 
circuit between condenser and pond or tower. A part of the wiiiummI 
cooling water evaporates, carrying off the rejected energy to atmosphiH'i*, 
This cools off the bulk of the cooling water that remains in the circuit ful 
return to. the condenser. 
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The water that evaporates at its low partial pressurj^^lq. atmosphere 
very nearly equals the quantity of steam condensed ih^5bhe main con¬ 
denser. So if a natural water supply from a small river^|)r. wells fqual 
to the steam flow in the plant is available, that site will be feasible. 
Cooling-tower and spray-pond make-up equals exhaust steam flow to the 
condenser; in addition the plant steam cycle itself will ne^^a 4 to 5 per 
cent make-up to replace water losses. ^ 

18-3. Open-water Circuits. Plants with unlimited water supply have 
equipment arrangements that vary only in detail from plant to plant, 



Fig. 18-1. Circulating water enters station from river or bay through screen house at 
fight. Vertical circulating-water pump takes suction in screen-house basin to force 
water through condenser into discharge canal for return to river or bay by gravity 
(low. 

depending on the local problems. Plants on rivers with strong flows 
lijive an intake structure, or crib house, on the upstream side of the plant 
and a discharge, or outfall, on the downstream side. 

I lants on lakes and tidal waters have a special problem in avoiding 
rtadrculation of the cooling water from the outlet back to the intake. 
In some plants the intake and outlet are separated as much as 2 miles. 
'This gives ample time for any recirculated water to cool by evaporation 
ln^fore reentering the intake. 

Research has shown that warmed cooling water emerging from a plant 
outfall quickly rises to the surface of the body of water to which it dis¬ 
charges, because of its lower density. It spreads in a thin film on the 
Hurface, which aids evaporation and concurrent cooling. A few plants 
drp(uid entirely on such surface cooling without using sprays or cooling 
lowers. This method proves feasible where enough water surface can be 
found in natural or artificial lakes and ponds. 
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Figure 18-1 shows the cooling-water circuit through one tidewater 
plant. Salt water enters the screen-house well through trash racks that 
prevent heavy debris such ^s logs and ice cakes from entering the water 
circuit. The water then flows under the open unwatering gate; whenever 
the circulating-water system must be unwatered for repairs, this gate 
is closed and the water pumped out of the system. 

Next the water flows through a traveling screen to remove small debris 
and fish trapped in the current (Fig. 18-2). These screens usually are 
controlled automatically; when the water level behind the screen drops 
a certain amount below that in the front, a pressure-differential gauge 
energizes the driving motor on top to move the screen up slowly on the 
front side. This brings clean sections into position from the bottom. 
As the partly clogged sections move past the upper section, a water 
spray washes off the debris intt) a trough that carries it away to waste. 
The endless chain then carries the cleaned sections down into the water 
on the far side. 

In Fig. 18-1 a vertical slow-speed pump lifts the cooling water from 
screen-house well and forces it through the circulating water pipe leading 
to the condenser water box. After passing through the tubing of the 
condenser to pick up its heat load, the water leaves through the roar 
water box and the tail pipe to enter the discharge canal. The discharge 
canal leads the heated water back to the tidal flow at a point several 
hundred feet from the screen house. 

Other layouts vary from this one: some have an intake canal running 
from the screen house to the base of the condenser with the circulating 
pump standing next to the condenser; some use horizontal pumps instoad 
of vertical pumps; in many modern plants all the equipment in tlic 
screen house stands outdoors. In •a multiunit plant there usually is at 
least one screen for each unit, all standing side by side. 

Pumps for house-service cooling for oil coolers, compressor intei^ 
coolers, flushing, ash-removal systems, etc., also stand in the screen OF 
crib house. They take their suction after the screen. 

Where icing troubles arise in winter, an auxiliary pump or bypaM 
canal may lead some of the exit cooling water back to the inlet. Thli 
melts the ice in the intake and prevents clogging. 

18-4.* Design Factors—Pumping Cost. The design of a circuliitiiig-? 
water system should use minimum cost as a prime criterion; total oolt 
depends on investments and continuing operating costs as explained in 
Chap. 30. The prime function of a circulating system is to move wuteFf 
and the costs of this include: (1) investment in pump and driver, whloh 
increases as the system head rises; (2) investment in canal, conduit, Of 

* Sections 18-4 to 18-10 abstracted from R. T. Richards, Paper 1488, Journal §f 
the Power Division, ASCE^ December, 1957. 
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' 10 . 18-2. Water-intake traveling screen prevents floating debris from entering station 
\ liter circuit. Screens in continuous-belt arrangement move up on inlet side as 
t,o be cleaned by spray at upper end. {Courtesy of Link-Belt Company,) 
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pipeline, which rises with increasing diameters but lowers the pumping- 
energy cost because of lower friction head; and (3) refinements in water- 
passage shape and arrangement, which can reduce pumping costs but 
usually need higher investment. 

To arrive at an optimum design, the engineer must know the cost of 
pumps and drivers, the cost of materials making up the water passages, 
fixed-charge rates for the plant, and the cost of energy. 

18-6. Design Factors—Layout. Arrangement of the circulating-water 
system largely depends on the location of the water source, screen house, 
pumps, and main condenser and the subsoil conditions. The layout 
must be designed to minimize head losses, which concentrate usually at: 
(1) pump discharges, (2) piping entering and leaving condenser water 
boxes, and (3) the discharge conduit. These points become critical 
because the water usually makes sharp changes in direction and speed. 

In a good system abrupt transitions, bends, and obstructions must be 
avoided or minimized. Diffusers at the pump discharge, condenser out¬ 
let, and discharge conduit or canal will help to reduce pumping heads. 
A diffuser consists of a gradual increase in water-passage cross-sectional 
area that aids in recovering some of the water's velocity head. 

At bends a series of curved vanes across the diagonal help turn the 
water in the new direction with a minimum of turbulence. This reduces 
over-all friction and resulting pumping cost. 

18-6. Design Factors—Pump Head. Intake-water level usually varies 
over a wide range during a year. This complicates the placing of the 
pumps. Because of its low frequency of occurrence, pumps are not 
usually designed for extreme low-water conditions. 

Pumps should be placed so that they will run at close to their design 
point for most of their operating life. Depth of intake structure and 
length of vertical pumps, however, must be determined from extreme 
low-water conditions to ensure continuous operation. 

Designers usually tend to overdesign a pump to be on the conserva¬ 
tive side; this results in a pump that wastes power and may fail pnv 
maturely. When a pump runs at higher deliveries, it needs a greater 
submergence that may not always be available. This may cause cavita¬ 
tion and destructive pitting. Even with ample submergence the pump 
may run roughly at high flows. 

Submergence is the depth of water over the pump impeller; for good 
design the engineer must know the needed submergence over the enlini 
operating range of the pump. Operators should be aware of the daiigcn 
of delivering water to all condensers in a station with some of the puinpn 
out of service. 

18-7. Design Factors—Pump Intakes. Horizontal and vertical otm- 
trifugal pumps are not particularly sensitive to water-flow patternM id 
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their intakes because the suction pipe usually quiets any turbulence. 
Vertical axial and mixed-flow pumps, however, are particularly sensitive 
to vortices in the pump intakes because they may draw air into the pump. 
This makes the pump run roughly and may pit the condenser tube inlets. 

Designers attempt to set up specifications for adequate suction cham¬ 
bers or wells. These vary in results depending on individual station 
conditions. Because of these erratic results model testing is being used 
increasingly to find the proper design of hydraulic passages in station 
circulating-water systems. 

18-8. Design Factors—Siphon Recovery. For most plants the dis¬ 
charge level stands below the condenser, and this makes part of the 
system run with pressures less than atmospheric. For plants at a high 
tilevation above the water source the pumping heads will decrease as the 
discharge elevations are lowered because of the falling static head. The 
maximum vacuum that can be held by the system fixes the limit on 
reduction in pumping head. The maximum vacuum varies with the 
1‘riction in the discharge conduit. High discharge friction allows higher 
(devation for condenser settings or lower elevations for system discharges 
In allow using maximum siphon recovery. 

The maximum possible vacuum at sea level equals 34 ft water. But for 
\)7-F water we have a vapor pressure of 2 ft water, and this gives us a net 
vacuum of 32 ft water which could be used to reduce pumping head. 
However, two factors prevent realizing this potential: (1) Vacuum 
pumps to evacuate the system at start-up must be very large to produce 
this level. (2) Water releases entrained air very rapidly at high vacuums, 
and this could easily equal vacuum pump capacity. At too high a 
vacuum need this could cause some of the upper condenser tubes to be 
water-starved and so could reduce total condenser capacity. Some 
(](isigners recommend limiting circulating-water vacuum to 28 ft water 
at sea level and less for higher plant elevations. 

The siphon is used to regain pumping head, but it should be kept as 
low as possible to avoid potential air-binding problems. 

18-9. Design Factors ^Air Binding. Air may collect in high points 
ol' circulating-water systems, and water passages may fail to flow full 
on downward slopes. This may be corrected by continuously evacuating 
nil accumulated in the system. Unless the air is removed, the pumping 
luiad loss may be substantially raised. 

Sloping water conduits must be tapped for air evacuation at the top 
and along the slope at suitable intervals. Mechanical pumps or water- 
or steam-operated ejectors may be used for evacuation. Air evacuation 
may have to be continuous or may be needed only at intervals, depending 
on local conditions. 

Air collecting in pipes under pressure usually does not raise serious 
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problems. It can be bled off through taps at the top and a few feet 
below the top. The taps need be opened manually only during start-up , 
of the unit and only infre(fuently if at all during operation. 

18-10. Design Factors—Water Hammer. Usually, water hammer 
possibilities grow with circulating-water-system length. Pump starts 
ups, valve closings, and pump trip-outs usually cause water hammer. 
Tripping out all pumps together on a system causes the most serioui] 
surges. I 

Following a trip-out, the water leaving the highest point in the systeitll 
discharges at a rate faster than that supplied by the decelerating pumpH* \ 
This makes the water column flowing through the system separate and 
form a vacuum between the two or more sections, which drops the pros* f 
sure on the leaving column of water. Atmospheric pressure at discharge | 
reverses the flow of the leaving column to fill up the evacuated space. ] 
The colliding columns of water create a severe surge of pressure thfti 
strains all parts of the water system. For lines several thousand foot 
long the pressure surge may reach 300 ft water, many times higher tliait 
the design head. | 

Vacuum breakers, air chambers, open manholes, and other devicwsil 
may be used to control water hammer. Not many plants have watiT 
hammer. 

18-11. Water Fouling. Most waters contain living organisms thiit 
coat the heat-transfer surfaces and drastically reduce the heat-traiiirfef 
rates. This seriously reduces the cp^pacity of the condenser and liM 
turbine. 

An almost universal treatment for killing algae to prevent slime coating 
condenser tubes is chlorination of the cooling water. This consista U\ 
injecting liquid chlorine or chlorine compounds into the water at interv 11,1 N 
frequent enough to kill accumulated algae. Injection points must 
carefully selected to ensure adequate mixing. 

In some seaboard plants mussels cause difficulty by accumuUitllll 
on the walls of intake structures to the point of obstructing water HaW 
and increasing the required pumping power. To remove the muHHtiliii 
the plant must be shut down and the circulating-water system unwatcWnl. 
This costs money because power must be generated on less efliciiMil 
stand-by units and labor must be hired to clean the water system, 
Mussels can be discouraged by chlorinating the intake water. 
must be done during the warm season and must be maintained mitil Uitt 
breeding season ends at the onset of cold weather. 

Mussels are also killed by water temperatures above 100 F. 1’Ht 
Redondo Station of the Southern California Edison (Company taki«i' 
advantage of this weakness. The station, standing on a beach off iltg j 
Pacific Ocean, takes its circulating water through an intake flJ 
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offshore. The water flows through a 10-ft-diameter submerged concrete 
pipe. Warm-water discharge leaves through a similar pipe and an 
underwater outlet 200 ft from the intake (Fig. 18-3). To avoid the 
expense of buying chlorine, the water temperature in the intake line is 
raised above 100 F at intervals. This is done by manipulating the four 
gates in Fig. 18-3 that separate the pump-intake basin, transfer basin, 
and intake and discharge lines. The latter two lines can reverse their 
function by opening and closing the proper gates. At full station load 
the discharge water is 19 F hotter than the intake water. To raise the 
outlet water to 102 F, one of the gates is opened to recirculate just 
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Fig. 18-3. Manipulating four gates between intake and transfer basins allows inter¬ 
changing 10-ft concrete pipes as intake and discharge to prevent mussel growths j 
higher discharge-water temperature kills these shellfish when they attempt to estab¬ 
lish themselves in pipes. 


(inough water to the condensers. This temperature is held for 4 hr at a 
time every 10 to 20 days to kill mussels accumulating in the intake line 
or discharge line. 

Some stations on commercial and game-fishing waters are required 
to avoid killing fish entering their circulating-water system. Fish can 
Hometimes be prevented from entering a water system by stretching an 
electrified fence across the inlet. The Contra Costa Station of the Pacific 
(,as and Electric Company uses a fish pump that takes its suction from 
in front of the traveling screen. It draws in water containing fish up to 
14 in. long and discharges them a safe distance from the intake back into 
the bay. Most fish survive this handling; only 0.2 per cent die. 

18-12, Special Designs. Some rivers have high flood stages compared 
with their normal levels; often they also have high banks. A station 
on s\ich a river normally would be placed on top of the bank to prevent 
il lieing .submerged during floods. Occasional plants may be placed on 
nil intermediate level where the site may be flooded at long intervals, 
'riiese will be protected by dikes that can hold back the highest flood 
on record. 

For a high-bank location the plant must pay a penalty in lifting the 
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circulating water through a high head. To avoid this, some plants have 
been built with deep condenser pits, about 40 ft below the turbine floor. 
The turbine discharges to the condenser through a long neck. This 
causes a slight pressure loss in the exhaust steam, but the saving in cool-^ 
ing-water pumping more than offsets this. The cost of the additional’ ] 
excavation for the deep condenser pits, however, causes an increase in 
fixed charges of the station. 

To avoid deep excavations in situations like these, some plants have 
reduced pumping costs by recovering some of the pumping energy by 


Fig. 18-4. Induced-draft (i-d) cooling tower receives water through distributing head*'*' 
D which flows through holes in pans and falls over wood filling C to collecting basin Ui 
tower bottom. Air enters through louvers A to pass over wood filling and diBchargrtt 
to atmosphere through i-d fan B. (Courtesy of The Marley Company.) 


making the outlet water do work in a hydraulic turbine. The turbinn 
helps drive the pump rotor and so reduces the energy needed from tlirt . 

driving motor. ^ ^ ^ 

18-13. Cooling Towers. More power stations are being built III | 
water-short areas. Lack of large water flows makes these plants loly ^ 
on cooling towers to remove heat energy from the circulating wtitiu' 
flowing in a closed circuit. 

Of the variety of cooling-tower designs available the indn cod-draft 
(i-d) tower finds the widest application in central stations. Figure lH-4 
shows sections through a four-cell tower. Air enters the side louvers to 
flow around the wood filling and up through the i-d fans at the top of tli^ 
bower. 
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Hot circulating water from the condenser outlet enters the distributing 
header at the tower top to flow into the distributing basins forming the 
roof of the tower. From these the water flows through many holes to 
fall on the wood-fill strips below. This breaks up the water into small 
drops and spreads the water in thin films on the fill surface as it cascades 
to the collecting basin at the bottom. 

As the water falls in drops from strip to strip, it exposes a maximum 
surface to speed evaporation and heat 
transfer. The drops fall through the 
cross- and counter-air flow that carries 
away the vapor and heat as they are 
released from the water surface. 

The water cools by (1) evaporation 
and (2) heat transfer to the air. In 
many towers about 75 per cent of the 
cooling takes place by evaporation 
and the remainder by heat conduc¬ 
tion ; the ratio depends on the humidity 
of the entering air and various design 
factors. 

Vapor separating from a nonboiling 
fluid always leaves behind a cooler 
liquid because the vapor is composed 
of the higher-energy molecules origi¬ 
nally in the liquid. In addition the 
cooler air picks up heat by conduction 
from the warmer water. 

Tower cooling performance is always 
referred to the wet-bulb temperature 
of the incoming air. This is the 
lowest temperature that the outgoing water can be cooled to. The finite 
dimensions of a tower and the limited time in which water and air contact 
each other make it impossible to achieve this ideal cooling. 

The principal performance factor of a tower is its approach to the wet- 
bulb temperature; this is the difference between the cold-water tempera¬ 
ture leaving the tower and the wet-bulb temperature of the entering air. 
1’he smaller the approach, the more efficient the tower. Another 
important performance factor is the cooling range; this is the difference 
between the hot-water temperature entering the tower and the cold- 
water temperature leaving. Figure 18-5 gives a graphic demonstration 
of these factors for a given tower. 

The scale to the right of Fig. 18-5 shows the dry-bulb temperatures 
and relative humidities that correspond to a wet-bulb temperature of 


Cooling-water 
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DBT humidity 


<] 100.5 F 0% 


'HWT 90F c=> 


Cooling 
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i^eWT 70FC> 


C3 83F 25% 

J<i72F 50% 
-W0T 60F[H<i60F 100% 


CWT-CoolIng-water temp leaving tower 
DBT-Cooling-air dry-bulb temp entering 
tower and corresponding humidity 
HWT-Cooling-water temp entering tower 
WBT-Cooling-air wet-bulb temp entering 
tower 

Fig. 18-5. Difference between exit- 
cooling-water temperature and wet- 
bulb temperature of entering air is the 
approach; the smaller the approach, 
the more efficient the tower. Dia¬ 
gram of a typical tower shows various 
dry-bulb temperatures and corre¬ 
sponding humidities that equal 60-F 
wet-bulb air. 
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60 F. If the humidity is low enough, a tower can cool water very effec¬ 
tively even with a high dry-bulb temperature. 

Make-up must be continuously added to the tower collecting baain 
to replace the water lost by evaporation and spray carry-over. As men¬ 
tioned before, this nearly equals the amount of steam exhausted by the 
turbine. The circulating-water circuit must be blown down periodically 
to remove the accumulated solids concentrated by the evaporation. 
The water must be treated to kill algae, preserve the wood fill, and 
prevent metal corrosion. 
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CHAPTER 19 


STATION CONTROLS 


19-1. Load Variation. Most power-plant loads vary in an irregular 
manner; the operators can usually anticipate the hour-to-hour changes 
but not their exact values. The fuel and air feed to boiler furnaces 
must be varied accordingly, or steam pressures and turbine shaft speeds 
will get out of hand. 

Figure 19-1 shows what happens when load changes on a station. 
Before time A the plant carries a 
steady load, and energy input ex¬ 
actly balances plant output and 
losses. At time A a bank of lights 
is switched on the system. 

This reduces the over-all elec¬ 
tric resistance of the system, and 
a greater current flows through 
Ihe generator armature and con¬ 
nected circuit. Higher amperage 
raises the armature magnetic-field 
strength, increasing the turning 
rcisistance offered the field rotor; 
tliis slows the generator and turbine 
shaft speed. By giving up some of 
its rotating kinetic energy the shaft momentarily supports the added load. 

The drop in shaft speed at time B brings the turbine governor into 
ludlon, and the turbine steam-admission valves begin to open wider. 
More steam immediately flows into the turbine. Because energy input 
to the boiler furnace has not changed, steam pressure begins to drop, 
'riie pressure drop allows some of the boiler-drum water to flash to steam, 
which momentarily helps to carry the added load by drawing on internal 
energy stored in the boiler water. 

l''he pressure reduction signals an automatic combustion-control 
Hystem to speed up the forced-draft (f-d) and induced-draft (i-d) fans 
Mild the fuel-feed system at time (7. The increased heat release in the 
I'virnace steps up the rate of steam generation and checks the rate of 
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Fig. 19-1. Changes in electric load upset 
the energy-flow balance in a central- 
station cycle and cause changes in shaft 
speed, valve openings, and steam pressures. 
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pressure fall. At time D the governor reaches a balance point to hold the 
higher load at a speed slightly less than normal. Adjusting the governor¬ 
spring tension opens the throttle valve a little wider at time further 
increasing steam flow and bringing shaft speed back to normal at time F . 
As pressure nears its rated value at G, the firing rate eases off, over¬ 
shooting slightly to restore balanced conditions more quickly at time H. 
The total time interval from A to H depends on the size of the load change 
and may take only seconds or a few minutes. 

Switching off the bank of lights at I increases the system resistance 
and reduces the amperage. This reduces the opposing force set up by the 
diminished armature magnetic field and allows the turbine-generator 
rotor to speed up. The overspeeding rotor absorbs the excess energy 
input to the turbine and signals the governor to reduce the opening of the 
steam-admission valve at time This reduces the steam flow, which 
raises the boiler steam pressure. Rising steam pressure signals the 
automatic combustion-control system to slow down the f-d and i-d fans 
and fuel feed into the boiler furnace at time K. 

At L the governor reaches a new balance point where it lets the turbine 
caiTy the lower load at a slightly high shaft speed. Adjusting governor- 
spring tension doses the throttle valve further, lowers steam flow slightly, 
and brings .shaft speed back to normal. The decreasing firing rate has 
by this lime allowed pressure to rise through a peak and di'op toward 
its normal value. As it approaches this level, the firing rate eases 
upward to keep pressure and other factors steady aiter time Q. 

Other adjustments must be made in the plant cycle during load changes, 
for example, rnaintaining water levels in boiler drum, condenser hotwell, 
and feedwater heaters, holding furnace pressure, and changing pump 
speeds, as well as pulverizer and oit-pump speeds. There are so many 
of these that it becomes impossible for a crew of operators to coordinate 
them manually. Automatic controllers perform these functions so that 
m-any modern units need only two or three operators per shift. 

19-2. Control Arrangements. These vary considerably from plant to 
plant. In older plants instruments and controls were generally grouped 
on a panel next to the equipment. Operators had to move from unit to 
unit to start and stop them and check their operating condition. From 
this scattered arrangement, which needed as many as 8 to 10 opcratori 
for proper supervision, the modern station has evolved a grouped arrange¬ 
ment of instruments and controls. In the area system all the controU 
and instruments for the boiler and its auxiliaries are brought to one 
room or area in the boiler room, all the controls and instruments for the 
turbine and its auxiliaries are brought to one room or area in the turbine 
room, and all the controls and instruments for the generator and Itl 
auxiliaries are brought to one room in the switch house or yard. 
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In the centralized control system the controls and instruments for all 
station equipment are placed in one room under the supervision of one 
to three operators. Both arrangements use automatic controls on prac¬ 
tically all equipment to minimize the need of manual supervision. 
Figure 19-2 shows a centralized control room for one unit in a modern 
central station. Below the ceiling are annunciator panels with squares 


viG. 19-2. Cetilral control l>oard in a modern central station uses annunciators, 
miniature instruments, and control console for the entire station. One operator can 
i-ontrol the entire unit, boiler, turbine, and generator switching. (Courtesy of Public 
NiimVe Electric tutdGos Company.) 


(Imt light up when equipment, pressures, temperatures, speeds, etc., 
approach abnormal conditions. A bell or howler calls the attention of 
the operator. 

On the vertical panel are a clock, total kilowatt load indicator, pressure 
gauges, indicating thermometers, buttons and lights for controlling the 
i toiler soot-blower system, and two television screens for observing 
I urn ace conditions and boiler-water level. The console carries recording 
juid indicating meters for flows, pressures, temperatures, and currents 
lor the boiler and turbine and their auxiliaries. The various handles 
and buttons give the operator remote control of practically all station 
(‘(|uipment, including dampers and valves. Pilot lights tell the operator 
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the position of the controlled equipment. On the far right of the console 
are the ammeters, voltmeters, power-factor meter, wattmeter, and control 
handles for the main generaltor and its exciter. 

19-3. Combustion Control. Automatic combustion-control systems 
are available in a number of arrangements, but they all essentially fol¬ 
low a common mode of operation. They must have a detecting element 
sensitive to a change in steam demand. To maintain best steam-generator 
efficiency, the fuel-air ratio must be regulated while load changes. 

Most control systems measure steam pressure to detect changes in 
steam demand. Then, through a relaying system, signals generated by 
changing steam pressure cause control drives to adjust motor-drive 
speeds and damper and valve positions to satisfy the new demand. 
Measurements of air and fuel flows then make secondary adjustments to 
the control system to keep optimum fuel-air-ratio feed to the boiler. 

Here are some of the arrangements used by control systems: 

1. Measure steam pressure to control air flow: measure air flow to 
control fuel flow. 

2. Measure steam pressure to control fuel flow: measure fuel flow to 
control air flow. 

3. Measure steam pressure to control both air and fuel flows. 

4. Measure steam pressure to control both air and fuel flows: measure 
both steam flow and air flow to make fuel-air-ratio adjustment on air flow. 

5. Measure steam pressure to control both air and fuel flows; measure 
both steam and air flows to adjust fuel-air ratio by varying fuel flow. 

6. Measure steam pressure to control fuel flow: measure steam flow 
and air flow to control air flow. 

7. Measure steam pressure to control air flow: measure steam and air 

flows to control fuel flow. • 

8. Measure steam pressure to control fuel flow: measure steam flow 
to control air flow. 

• 9. Measure steam pressure to control fuel flow: measure smoke density 
to control air flow. 

10. Measure governor speed-changer position to control fuel flow! 
measure steam flow to control air flow. 

For oil and coal, flow measurements prove difficult to make accurately. 
Basically we need to measure furnace heat release. Experience show! 
that steam flow proves to be a good index of fuel flow, even with small 
changes in boiler efficiency with load. 

To minimize fluctuations in system frequency, the best scheme would 
theoretically start changing heat release in the furnace before the load 
change, because of the lag in steam-generator processes. Scheme 10 
does this to a degree by measuring governor action; this is used m an 
anticipating element. 
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19-4. Combustion-control Equipment. The basic parts of a control 
system include: (1) primary elements that respond to cycle changes, 
for example, steam pressure; (2) relaying elements that convert these 
responses to a controlling impulse and transmits it to the control points; 
and (3) power units that receive the control impulse and provide “ muscle ” 
to move dampers, adjust rheostats, close and open valves, etc. 

In most systems steam pressure actuates the primary element of the 
master controller. The relay system may be: (1) a simple mechanical 
arrangement directly controlling motive fluid for the power units, (2) a 
piping layout using variable air pressures, (3) an electrical circuit using 
solenoids or contacts, or (4) an electronic circuit with amplification of 
small electrical currents. 

19-6. Control Requirements. Controllers must meet several criteria: 

(1) sensitivity, (2) speed, (3) stability, (4) power, and (5) ruggedness. 
Maintaining reasonably constant steam pressure requires enough sensi¬ 
tivity to detect small steam-pressure changes. This allows initiating 
corrective movements of fuel and air controls soon enough. Both air 
and fuel flows need time to speed up or slow down to meet the new 
demand level for steam. 

The total time lag of a control system has three parts: (1) time for the 
master regulator or controller to respond to steam-pressure change, 

(2) time for the fuel feeder and fan speed or damper to reach the new value 
or setting, and (3) time for the steam-pressure change to respond to the 
new input rate. A speedy response of the control system greatly helps to 
reduce the first two time intervals. 

A stable control system changes the input smoothly to meet the new 
load without letting steam pressure fluctuate about the desired level. 
An unstable system keeps hunting, even when the new load conditions 
have been established, because of too much time lag. A good system 
strikes a happy medium between response speed and stability. 

Available systems meet these conditions in various ways. Compen¬ 
sating devices using dashpots, springs, resetting arrangements, floating 
pivots, etc., cause the master controller to approach a temporary balance 
l)efore steam pressure returns to normal. This limits the amount of 
resetting of fuel and air controls that the initial steam-pressure deviation 
calls for, preventing them from going to extreme positions, or overtravel- 
iiig. As steam pressure returns to normal, the small residual unbalance 
of the controllers makes small corrective movements that bring the boiler 
to its new rating smoothly. 

The power units must have ample force to move fuel and air controls 
as demanded. Power must be available to overcome accidental friction 
or sticking. 

Though regulators must be sensitive to small forces, they also must be 
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rugged enough to withstand continuous operation in an environment 
that is often difficult. 

19-6. Compressed-air Control System. Figure 19-3 shows a combus¬ 
tion-control system that uses compressed air for its relaying system and 
its power units. The steam-pressure controller measures the steam 
pressure and adjusts the relaying air pressure accordingly through the 
relay valves below. The ratio controller measures fuel flow in terms of 
steam flow from the boiler and the air flow through the furnace in terms 
of the pressure drop of gases flowing through the furnace. The floating 
linkageSj shown schematically, combine these two measurements and 
adjust the connected relays to send a modified relay air pressure to move 
the power unit of the f-d-fan control drive. This opens or closes the 
damper as needed by the load. 

The furnace-draft controller, through the compressed-air relay system 
adjusts the i-d control drive to maintain the furnace draft at a preset 
level. This adjusts the fan-inlet-vane positions or regulates the fan- 
drive speed. 

The relayed air pressure from the steam-pressure controller also acts 
on the primary air-control drive for the coal pulverizer. The. change in 
primary air flow makes the pulverizer feeder controller vary the feeder 
speed with the changing steam flow. 

The selector valves allow an operator to remove the controls from 
supervision of the automatic system and remotely control these auxiliaries 
from the panel board in the control room. Units usually start and stop 
under manual control but carry normal loads under automatic control. 

19-7. Electric-type Control System. Figure 19-4 shows a combustion- 
control system that uses change in generator electric load, as measured 
by the recorder, as the first impulse to alter steam-generator fuel and air 
flow. The steam-pressure “master controlleracts to adjust fuel feed 
as needed, in parallel with the load recorder impulses. 

Through the mixer amplifier anticipatory signals are sent to the gover¬ 
nor motor in parallel with those sent to the fuel-feed controller. These 
impulses make the boiler fuel input change simultaneously with changes 
in governor motor position even before the generator changes are fully 
made. As generator output responds to the new load demand, the fuel 
input keeps in step. To maintain proper fuel-air ratio with changing 
load, the O 2 recorder sends adjusting impulses to the air-flow controller. 
The O 2 setter allows adjusting the control system for the best combustion- 
gas conditions with changing fuels. 

The furnace pressure controller acts in parallel with the air-flow con- 
(roller to adjust the i-d-fan inlet and outlet dampers. 

This system has four elements: (1) governor motor impulses—anticipa- 
l,ory action; (2) load (generator output)—propo-rtional action; (3) steam 
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Fig. 19-4. Complete metering-type combustion-control system uses combination of pressurized air and electrical circuits to 
control fuel and air feed to boiler. System receives control impulses from generator load recorder, steam-pressure master con- 

traDav sAd Os tficvdcr. ^ (Coiiriasif N&rthrup_ Company.) 


STATION CONTROLS 


385 


pressure—final adjustment, or ^'trim”; and (4) automatic correction of 
excess air from flue-gas O 2 . The system uses electric-drive units that 
self-lock on power failure. They receive electric impulses from the con¬ 
trollers to direct their actions in adjusting motor speeds or damper settings. 

The figure does not show the selector switches and valves that allow 
operators to run the auxiliaries 
manually by remote control or at 
the equipment. 

19-8. Feedwater Control. Feed- 
water flow must be varied with 
change in station load. Several 
systems are available for automat¬ 
ically controlling feedwater flow: 

(1) single-element self-operated, 

(2) single-element pilot-operated, 

(3) two-element pilot-operated, and 

(4) three-element pilot-operated. 

Figure 19-5 shows a single-ele¬ 
ment pilot-operated feedwater-con¬ 
trol system which allows manual 
correction of water level with flow 
variation. The water-level re¬ 
corder operates an air pilot valve, 
which through a relay and indicator 
controls the feedwater-regulating 
valve. The automatic reset of the 
pilot valve makes it possible to hold 
drum level constant at all rates of steam flow. Manual adjustment at the 
selector valve allows raising the water level at high load, and vice versa. 

Figure 19-6 shows a three-element pilot-operated system using an 
additional feedwater-flow measurement. The ratio of steam and water 
flows exerts primary control, with readjustment by the level measure¬ 
ment. Changes in water flow from change in water pressure can be 
compensated by adjusting the feedwater valve. Practically all large 
boilers use this control system. 

19-9. Steam-temperature Control. This plays an important part in 
modern central stations. Control methods have been outlined in Secs. 
8-1 and 8-2. Time lags in temperature measurement make automatic 
control systems difficult to design, and yet temperatures must not be 
allowed to exceed maximum limits or they may cause severe damage. 
Thermocouples of the high-speed type take at least 48 sec to respond to 
90 per cent of a given change in temperature in their indication—far 
from instantaneous. 



Fig. 19-5. Single-element pilot-operated 
feedwater regulator holds level constant 
in boiler drum. Level may be adjusted 
manually. {Courtesy of Battery Meter 
Company.) 
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Boiler air flow is the simplest and most common element used for 
anticipating action in steam-temperature control. Except for boilers 
with large radiant superheaters steam temperatures normally increase 
with higher combustion rates. Boiler air flow directly indicates com¬ 
bustion rate and should assist control in the proper direction. Air flow 
can also be measured with minimum time delay. 

Most reheat units have at least two methods of controlling one of the 
temperatures. This requires sequence control of two actuators from 



Fig. 19-6. Three-element pilot-operated feedwater control keeps the water and steam 
flow balanced and adjusts the water level as needed to keep it within safe range. 
(Courtesy of Bailery Meier Company.) 

one controller. Lag characteristics may be entirely different for the two 
methods of control. Adjustments must be in the equipment as con¬ 
troller transfers from one actuator to another. 

On some reheat steam generators regulation of each of the tempera¬ 
tures affects the other temperature. For example, the amount of hot 
gas recirculated affects both reheat and superheat temperatures, and ho 
will any movement of the proportioning dampers within the boilor, 
Because of this some automatic temperature controls cost more tluui 
automatic combustion-control systems. 

19-10. Controls and Instruments. Controls and instruments locutotl 
in modern central-station control rooms include controls for the following 
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equipment: station-service air compressor, instruments-and-controls 
air compressor, soot-blowing air compressor, fire pumps, intake screens, 
circulating-water chlorination system, feedwater-treatment system, 
step-up transformer breaker, auxiliary-power-supply breakers, trans¬ 
mission-line breakers, automatic load control, automatic frequency 
control, and automatic voltage regulator. 

Station control boards usually have instruments for the following: 


Auxiliary bearing temperature 
Drum level 
Steam temperature 
Furnace flame condition 
Furnace outlet O 2 
Furnace outlet CO 2 
Feedwater pressure 
Steam-drum pressure 
Superheater outlet pressure 
Air-heater inlet-air temperature 
Air-heater outlet-air temperature 
Boiler-drum steam temperatures 


Coal-air-mixture temperature 
Exciter air temperatures 
Economizer inlet-gas temperature 
Economizer outlet-gas temperature 
Air-heater gas temperatures 
Superheater gas temperatures 
Reheater gas temperatures 
Economizer water temperatures 
Main steam temperature 
Reheat steam temperatures 
Superheater steam temperatures 
Reheater steam temperatures 


Boiler equipment controlled from the central room also includes: 
soot blowers, coal-handling system, dust- and ash-handling systems, i-d 
and f-d fans, boiler feed pumps, pulverizer, coal feeders, burner ignition 
system, secondary-air dampers, and chemical feeders. Boiler controls 
may include interlocks to trip the boiler out of service for: loss of f-d or 
i-d fans, loss of turbine, loss of fuel, high positive or negative draft, and 
low boiler circulating-water pressure drops. 

The turbine auxiliaries controlled include: condenser circulating 
pumps, hotwell pumps, bearing oil pumps, make-up pumps, evaporator, 
gland water flow, gland steam flow, and turning gear. 

Instruments also make measurement of the pressure and temperature 
of: the drum steam, attemperator, reheater inlet and outlet, turbine 
first-stage steam, extraction steams, turbine exhaust steam, circulating 
water in and out of the condenser, atmosphere, hotwell condensate, 
condensate pumps, heater condensates, boiler feed-pump suction and 
discharge, heater feedwater, drips from each heater, economizer inlet 
and outlet, evaporator gland steam, and deaerator. Turbine supervisory 
instruments include: the shaft-eccentricity recorder, speed and camshaft 
recorder, vibration-amplitude recorder, shell and differential expansion 
recorder, spindle position, and bearing-pedestal vibration. 

Main turbines may be interlocked to trip off the line for: overspeed, 
loss of vacuum, abnormal thrust-bearing condition, low lube oil pressure, 
high exhaust-hood temperature, loss of field, electrical grounds, low 
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hydraulic oil pressure, loss of load, loss of i-d fans, opening of generator 
breaker, closing of stop and intercept valves, excess vibration, loss of 
fuel, generator overcurrent,' and main-transformer high temperature. 
Some stations provide for temperature monitoring of motor windings, 
motor bearings, and pump bearings. 

19-11. Automatic Tripping. Figure 19-7 shows the tripping scheme 
developed for the Astoria Station of the Consolidated Edison Company of 
New York to remove equipment automatically from service in the event 
of trouble. The turbine generators are cross-compound, each fed by a 
single steam generator. 

Thrust-hearing Failure. Thermocouples inserted in the metal backing 
of the babbitted thrust shoes give fast response to changes in metal 
temperatures. The thermocouples actuate an alarm at 10 F above 
normal; at 190 F they operate the auxiliary relay to trip out fuel supply 
and the turbine stop valve. 

Excessive Vibration. Vibration velocity pickups on the turbine-bear¬ 
ing pedestals actuate the auxiliary relays to trip turbine and boiler if the 
turbine rotors should become unbalanced from heavy rubs or throwing a 
blade. 

Vibration pickup on the outboard-bearing pedestal of the generator 
protects it from mechanical unbalance, such as failure of the cooling fan, 
and also from electrical unbalance caused by double-winding grounds in 
the rotor. These cause an unbalanced magnetic pull on two sides of the 
rotor. Short-circuit currents in the rotor may cause unequal heating of 
the rotor and consequent mechanical unbalance by bowing the shaft. 

Exhaust-hood and Condenser-shell Heating. Sprayed water cools the 
exhaust steam at low loads to prevent overheating the exhaust hood and 
condenser shell. Two thermocouples in the exhaust casing measure the 
metal temperatures, which depends on the steam temperature. One 
thermocouple connects to a recorder and the second to a trip controller! 
The recorder has contacts for an alarm circuit, and the controller has 
contacts for the trip circuit. 

Loss of Vacuum. Rupture diaphragms in the exhaust shell prevent 
positive pressure in the condenser on loss of circulating water. To trip 
the machine in advance of disk rupture, a vacuum-measuring device is 
used. This sounds an alarm at 27 in. Hg vacuum and trips out the boiler 
and turbine at 20 in. Hg vacuum. 

Shaft Overspeed. A conventional overspeed governor on the turbine 
shaft trips the main turbine stop valve, governor valves, and reheat 
intercept valves. 

Quick Starting. These reheat units have quick-starting bypass valves 
around the main and reheat cylinders to the condenser to establish mass 
steam flow through superheater and reheater so that both main and 
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accidental breakdowns or misoperations. 
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reheat steam temperatures are about 100 F above the chest-metal tem¬ 
perature of the respective cylinders before opening the turbine control 
valves. Automatic trip devices take the boiler and turbine out of service 
in the event of failure of automatic desuperheaters, loss of circulating 
water, excessive turbine casing temperature, or loss of control air pressure 
during the starting process. 

Generator and Transformer Differential. These electrical troubles 
are beyond the scope of this book. 

Generator Grounds. A relay in the main circuit trips both turbine 
and boiler out of circuit when generator insulation fails. 

Loss of Generator Fields. A relay in the field circuit trips the unit on 
any reduction of field current which would cause reactive flow into the 
generator and upset system stability. This relay functions also when 
out-of-step operation seems imminent. 

Generator Motoring. A reverse-power relay in the high-pressure 
generator circuit trips out the unit when steam flow is not enough to 
supply no-load losses. Motoring of the unit is likely to damage the low- 
pressure blades by overheating from windage. 

Auxiliary-circuit Faults. In case of faults in the individual auxiliary 
circuits relays disconnect them instantly. If faults should occur at the 
terminals of the auxiliary-supply transformers, suitable relays trip out 
the entire unit, generator and boiler. 

Generator-feeder Faults. The unit system of this unit, from a pro¬ 
tection viewpoint, extends from the fuel-supply to and through the first 
bus section at a distant substation to which it connects. Hence the 
electrical protection covers the entire feeder, and, in case of a major fault 
in the feeder, the unit is tripped out. 

Furnace-air-supply Failure. The*furnaces of these boilers operate 
pressurized and have only f-d fans. In case all fans are lost by an inter¬ 
rupted power supply, relays trip the fuel supply as well as the turbine 
and generator. Complete closing of inlet and outlet dampers also trips 
the complete unit of service. The automatic combustion control 
reduces fuel input and generator load when the air supply cannot main¬ 
tain a safe fuel-air ratio. 

Excessive Furnace and Flue Pressures. If furnace pressure exceeds 
30 in. H 2 O, or the flue reaches 10 in. H 2 O pressure, the entire unit trips 
out of service. 

Complete Interruption of Fuel Supply. When fuel to the boiler Is 
interrupted and the turbine not tripped, boiler pressure drops as steam 
continues flowing through turbine. A rapid drop in boiler pressure may 
cause a rise in drum level as water flashes to steam bubbles in the boiler- 
water circuits. This may cause carry-over into the turbine and damage 
the blading. Loss of fuel trips the entire unit. 


CHAPTER 20 


SUPERCRITICAL-PRESSURE STEAM STATIONS 


20-1. Trend to High Pressures. Power-plant designers always strive 
to offset the effect of rising fuel prices on the cost of electrical energy. 
This can be done by improving the thermal efficiency, by raising the 
steam pressure and temperature, and by lowering the condensing pressure. 
Low condenser pressures have been realized for a long time, and we cannot 
expect much improvement beyond present practice. 

High-steam-temperature application depends on the availability of 
metals that can withstand them. 

Alloys have been developed to 
hold 1050-F steam as normal com¬ 
mercial practice, but some devel¬ 
opmental plants use temperatures 
up to 1150 F, and one plant will 
use 1200 F in the near future. 

The high cost of the alloys needed 
offsets somewhat the gain in effi¬ 
ciency realized. 

Higher pressures help to raise 

the average temperature at which 20-1. Curve showing progress in in- 

j. • j j j j. j. creasing throttle steam pressure since 1910. 

heat IS added to a steam power 

cycle, and this improves plant efficiency. Figure 20-1 shows the advance 
in steam pressures over the years. 

The highest pressure that will be used is 5,000 psig in the most advanced 
supercritical or superpressure plants. Steam reaches its critical state at 
3,206 psia and 705 F. To generate steam at supercritical conditions, 
the generator consists essentially of parallel tube circuits connected by 
an inlet and an outlet header. Pressurized feedwater enters the tube 
inlets to leave as superheated steam at the outlets. As the water absorbs 
heat energy, it gradually expands in volume with no internal bubbling 
or visible change in phase; it acts very much as an extremely dense gas. 

20-2. Supercritical-pressure Cycle. Figure 20-2 shows a simple 
Rankine cycle with a supercritical pressure and temperature, and at 
ideal conditions. The feedwater pump pressurizes the water at a to a 
Huperpressure at h through an isentropic process. Heat addition from 
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6 to c produces a dense superheated steam. Isentropic expansion of 
steam in the turbine from c to d exhausts a wet steam to the condenser. 
From d to a the condenser removes the unavailable energy. 

Figure 20-3 shows that superpressures raise thermal efficiency when 
the temperatures are above 900 F; this figure assumes an engine efficiency 
of 80 per cent. 

Figure 20-4 shows the state relations for steam. There can be neither 
saturated water nor steam above the critical temperature of 705.4 F. 



Fig. 20-2. Temperature-entropy analysis of simple supercritical cycle. Note that the 
diagram is not to scale and that the subcooled liquid region is tremendously magnified 
to represent supercritical-pressure lines. 

Designers arbitrarily call superpressurized H 2 O steam when its temperar 
ture is above 705.4 F and water when below this temperature. In the 
strict sense we cannot designate any part of the tube circuit in a super¬ 
pressure steam generator as economizer, boiler, and superheater— 
designers, however, arbitrarily use these terms to indicate relative steam- 
water temperatures in the unit. 

20-3. Steam-cycle Development. Early steam plants of the 19008 

used simple cycles like cycle I (Fig. 20-5). Steam conditions were 
about 200 psia and 500 F. The T-S diagram shows the boiler input 08 
the hatched area under line CA. Dashed line AB shows the steam expan¬ 
sion through the turbine at 80 per cent engine efficiency. 


supercritical-pressure steam STATIONS 


393 



perature or pressure or both increases the thermal efficiency of a turbine. To obtain 
improved efficiency at superpressure, temperatures must be above 900 F, 
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The shaded area under BC measures the heat rejected in the condenser. 
The difference of the hatched and shaded area measures the work output 
of 1 lb of steam. The diff^ence is not the remaining hatched area 
above CB but something less than this by the amount of the noncoin¬ 
cident area below and to the left of B. This develops with a turbine 
running at less than 100 per cent engine efficiency. 

Table 20-1 summarizes important performance factors of this cycle 
and the other five to follow, assuming a boiler efficiency of 85 per cent 
and a turbine engine efficiency of 80 per cent. 

Table 20-1. Comparison of Cycle Performance 



Cycle 

I 

n 

III 

IV 

V 

VI 

Plant thermal efficiency, %. 

22.03 

25.68 

31.60 

37.37 

38.75 

39.70 

Plant heat rate, Btu per kwhr. 

15,500 

13,300 

10,800 

1)135 

8810 

8600 

Plant throttle steam rate, lb per kwhr. 

10.78 

7.25 

6.35 

8.43 

6.79 

5.95 

Plant condenser steam rate, lb per kwhr. . . 

10.78 

7.25 

6.35 

4.84 

4.04 

3.63 

Throttle steam volume rate, cu ft per kwhr. 

29.38 

34.53 

1.156 

1.534 

1.236 

1.084 

First reheat steam volume rate, cu ft per 







kwhr . ; . 





6.81 

4.09 

Second reheat steam volume rate, cu ft per 







kwhr . 






22.8 

Condenser steam volume rate, cu ft per 







kwhr. 

G132, 

5490 

3570 

2720 

2483 

2450 

Condenser heat rejection, Btu per kwhr. . . 

9740 

0665 

5710 

4350 

4020 

3845 

Exhaust steam moisture or superheat. 

13.7% 

87 F 

14.3% 

14.3% 

5.2% 

22 F 

Feed-pump work, % of plant net output.. 

0.25 

0.17 

4.10 

5.44 

4.37 

3.83 


In cycle II (Fig. 20-6) steam temperature rises to 1150 F to improve 
performance in all respects. For constant steam velocity the front end 
of .the turbine and the piping have to be larger because of the larger 
steam volume rate. The exhaust to the condenser is slightly super¬ 
heated, but despite this the condenser can be made smaller because of 
the smaller volume rate of flow. 

In cycle III the pressure rises to 4,500 psia and 1150 F to make a 
further gain in efficiency. Steam volume rates at throttle and condenser 
shrink markedly. Moisture in the exhaust rises to the danger level of 
14.3 per cent. In addition to fuel-economy gains the higher steam 
conditions offer a marked reduction in size of the main plant components 
(Figs, 20-11 and 20-12). While more expensive metals will be needed 
in the high-temperature end of the cycle, such as superheater, piping, 
and first turbine stages, the size reduction in these parts helps offset 
the total cost. 


Temp 
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Fig. 20-4. As pressures increase, vaporization temperature increases but the enthalpy 
of vaporization decreases; also the density increases. 



Fig. 20-5. Cycle I, straight condensing cycle, operating at 200 psia and 500 F, 
expanding to 1 in. Hg abs back pressure at 80 per cent engine efficiency. Net work 
output is the difference between hatched and shaded areas. 

Fig. 20-6. Cycle II, straight condensing cycle, operating at 200 psia and 1150 F, 
expanding to 1 in. Hg abs back pressure at 80 per cent engine efficiency. 

Fig. 20-7. Cycle III, straight condensing cycle, operating at 4500 psia and 1150 F, 
expanding to 1 in. Hg abs back pressure at 80 per cent engine efficiency. 
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In cycle IV we add heat-recovery apparatus in the form of seven feed- 
water heaters. These reduce the heat input to each pound of steam to the 
hatched area under AD (Figf 20-8). For each pound of steam entering 
the turbine throttle considerably less than 1 lb exhausts to the condenser 
because of the amount bled to the heaters. The heat rejected by 1 lb of 
steam in the exhaust is the area under CB (Fig. 20-8), but the shaded 



Fig. 20-8. Cycle IV, regenerative feedwater heating cycle, operating at same pro#-, 
sure and temperature conditions as cycle III. J 

Fig. 20-9. Cycle V same as cycle IV, with one stage of reheating ah 739 psia. and 
1050 F added. " 

Fig. 20-10. Cycle VI, regenerative feedwater heating cycle, with two stages of reheat¬ 
ing and same number of heaters and throttle and exhaust conditions as cycle IV, 

area is scaled down to represent the heat rejected in the condenser for 
each pound entering the throttle. Compared with cycle III, the heat 
rejected in cycle IV is proportionately more reduced than the heat input 
to the high-pressure steam; this markedly raises cycle efficiency. Whild 
the throttle steam rate rises, the condenser steam rate drops. Thi 
condenser volume-fiow-rate decrease contributes to reducing the con¬ 
denser's physical size. 

In cycle V (Fig. 20-9 and Table 20-1) we add one stage of reheating 
at 730 psia back to 1050 F, the commercial level. The area under HC 
measures the reheater input to 1 lb of steam, but since some of the steam 
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is bled for feedwater heating, less than 1 lb goes to the reheater for each 
pound of throttle steam. The reduced hatched area shows the amount 
of reheat for each pound of steam passing through the throttle. The 
sum of the hatched area, less the gray area, measures the net heat output 
of the cycle per pound of steam entering the throttle. The reheating 
makes gains in all performance factors, justifying the expense of the 
additional piping and reheater in the steam generator. 

Cycle VI (Fig. 20-10, Table 20-1) uses two stages of reheating, the 
first at 1,150 psia to 1050 F and the second at 165 psia to 1000 F. This 



Fig. 20-11. As pressures and temperatures increase, the turbine steam-path cross- 
sectional area decreases. This decreases the physical size of the over-all turbine for 
the same plant capacity. 



Fig. 20-12. Higher pressures and temperatures and improved heat utilization reduce 
furnace volume (left) and condenser size (right) for the same capacity of steam plant. 


gives another performance improvement all around. The exhaust steam 
to the condenser is slightly superheated. The sum of the hatched areas 
minus the gray area measures the output of the cycle. 

Figure 20-11 shows the comparative sizes of the turbine steam paths 
needed in cycles I, III, and VI. Single-double-flow tandem-compound 
was the arrangement used on the first unit at Philo Station, with 125 mw 
capacity. Since the steam path primarily dictates the turbine over-all 
size, cycle VI would use relatively small units. The high-pressure and 
intermediate-pressure turbines would be relatively small. The first- 
stage turbine inlet as drawn is much too large. Blades for a 120-mw 
turbine would only be a fraction of an inch high to accommodate the 
high-density steam. 

Figure 20-12 shows the relative sizes of furnace volume and of main 
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1000 2000 3000 4000 5000 0000 £000 3000 4000 5000 6000 

INITIAL- PRESSURE-PSIG INITIAL PRESSURE-PSIG 

Fig. 20-13. Calculated net and gross turbine heat rates for single reheat units based on six stages of feedwater heating. Note 
Optimum pressures at miniTniiTn heat rates. (Courtesy of Westinghouse Electric Corporation.) 
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condensers needed for cycles I, III, and VI. Here also we find that 
high steam conditions and heat-recovery cycles contribute toward reduc- 
ing component physical size. 

20-4. Performance Trends. Performance expressed as a heat rate 
in Btu per kilowatthour can be determined for: (1) turbine alone—gross, 
(2) turbine output less feed-pump input—net, or (3) over-all perform¬ 
ance of fuel input and net station output—station or plant. 


SINGLE REHEAT UNIT 
SIX STAGES FEEDWATER HEATING 



pumping power. Note that the values 
ropresent changes from a base of 2,000 psig, 1050 F, reheat to 1050 F. 

Figure 20-13 shows expected performance for a variety of turbine 
ratings at different pressures and temperatures. The turbine per- 
lormance is given as gross or net, the difference showing the effect of 
jnimping power needed. 

The condensate pump discharges feedwater to three closed heaters 
ollowed by an open heater. The boiler feed pump takes suction from 
llie open heater and discharges through two high-pressure closed heaters 
I o the steam generator. Note the effect of pumping power in producing 
an optimum throttle pressure for best performance (lowest heat rate). 

Figure 20-14 also shows the effect of pumping-power needs. Feed- 
water pump.s discharge at pressures greater than throttle pressure to 
overcome line, superheater, and control-valve resistances; the curves 














































































































































































































































































































































































































































Table 20-2. Supercritical-pressure Plant Equipment and Data 
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give corrections for these excess pressures needed in an actual cycle. 
These are based on 75 per cent pump efficiency and 89 per cent combined 
efficiency for motor, transformer, gear, and hydraulic coupling. 



Initial steam pressure, psig 

ITg. 20-15. Typical anticipated station heat rates for several steam conditions. 
{Courtesy of Allis-Chalmers Manufacturing Company.) 


To air heater 


Figure 20-15 summarizes possible station heat rates for a range of 
throttle steam pressures and temperatures with modern feedwater heating 
arrangements. Optimum heat rate alone does not determine an economic 
station choice; the costs of station 
equipment must be considered with 
fuel costs to arrive at the best plant. 

Table 20-2 lists data for existing 
and proposed supercritical-pressure 
stations. 

20-6. Plant Components. The 

new conditions met in a supercriti¬ 
cal plant raise problems different 
I’r'om those in a conventional sub- 
(tritical station. Let us consider 
what this does to the components. 

Steam Generator. Since there is 
no bubbling of steam in the water 
absorbing heat and the density of 
the “steam” and “water” are 
nearly equal, we cannot use 
natural circulation as in con¬ 
ventional boilers. We 



Fig. 20-16. Schematic circuit of steam 
generator shows simplicity of design and 
once-through flow of water to emerge as 
steam. No recirculation of water within 
unit as in conventional steam boiler. 
Recirculating part of flue gas helps to 
prevent ash slagging of convection surface. 


use once- 

through steam generators as described previously. These have been used 
for subcritical steam for many years in Europe in the Benson, Sulzer, and 
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Ramsin boilers. This type of boiler needs no large drum but uses small- 
diameter thin-walled tubes, a means of saving steel. 

Figure 20-16 shows a oncrf-through steam generator in schematic form. 
Figure 20-17a shows the outline of the first superpressure unit in the 
United States, Philo Unit 6. This steam generator produces 675,000 lb 
per hr steam at 4,500 psia and 1150 F. Steam is reheated in two stages, 



Fig. 20-17. (a) Simplified side elevation for fluid- and gas-flow circuits of Philo Htoiim) 

the first to 1050 F at 1,150 psi and the second to 1000 F at 180 pBigi 
Figure 20-176 shows a section through a model of the unit. 

Three cyclone furnaces fire the unit. The recirculating fan drawl 
off some of the combustion gas before the tubular air heater and reinjootl 
it into the secondary furnace to temper the temperature of the com¬ 
bustion gas before it enters the platen superheater. This cools the molteii 
ash so that it will not build up as slag on the tubes. 

On the fluid side feedwater first flows through the wall tubes of thi 
cyclone furnaces in series. It then passes through the primary siipor- 
heater tubes and then to the primary furnace wall tubes; romeinl)er that 
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there are a number of tube circuits in parallel. From the wall tubes the 
steam passes through the primary and secondary superheaters before 
leaving for the turbine. 

The fluid-flow path consists of 19 circuits in parallel. The outlet 
manifold distributes the completely mixed steam to four turbine leads. 
A turbine bypass system diverts steam flow around the turbine to the 



grnerator No. 6; (6) sectional model. {Courtesy of The Babcock & Wilcox Company.) 


condenser until the steam is warm enough for rolling the turbine during 
sLirting. These boilers may also be used for generating subcritical steam 
:it varying pressures. 

ligure 20-18 shows a later design of a once-through steam generator 
lo supply 2,900,000 lb per hr steam to a 450-mw turbine. 

Slmni Turbine. Super pressures prove practical for large-capacity 
nnils since the steam is very dense, Tliis requires relatively small first- 
Hinge flow areas. Unless the total flow is large enough, the buckets and 
Mri/.zles may be so small that serious frictional losses may make the turbine 
impractical by ofTsetUag the gains offered by supercritical conditions. 
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Designers now consider units up to 750 mw as practical, but they 
will depend on improving rotor forgings. With these large sizes and 
advanced steam conditions heat rates of 7500 Btu per kwhr are forecast. 

Temperatures above 1050 F need austenitic materials for safe opera¬ 
tion, but they are expensive. Designers strive to minimize the amount 
needed in superpressure equipment. Single-shaft turbines reduce the 
building volume needed, but as capacities grow, the exhaust annulus 
needed to handle the high volume flow of the turbine exhaust makes it 



Fig. 20-19. Schematic diagram of 450-mw supercritical-pressure turbine generator for 
Breed Plant. Generators are rated at 265,000 kva each at 16 kv. Speeds of both 
units are 3,600 rpm. Note sextuple exhaust. See Table 20-2 for other data. {Cour¬ 
tesy of American Electric Power Service Corporation.) 

necessary to adopt multiple arrangements using more than one shaft. 
Figure 20-19 shows the turbine arrangement used in the Breed Plant 
of the American Electric Power System, which will produce 450 mw. 

20-6. Water Problems. With no separation of phases of steam and 
water as in a conventional boiler, the once-through boiler presents 
problems of leaving solids in the tubes as the water changes to steam. 
Water contaminants such as silica, sodium chloride, sodium sulfate, and 
calcium sulfate have greater solubility in supercritical steam compared 
with subcritical steam. This tends to keep solids in solution in super¬ 
critical steam generators and to reduce the solids deposit on the tube 
interiors. This, however, makes silica deposits in the turbine more 
likely as the steam expands. 

Experience as of this writing shows that supercritical water tends to 
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BOILER FEED PUMPS 


water --OESUFERHEflTIWG W^TER - --COMTRQL [MPUISE ] 

t-'m. 2fr21. Simplified flow diagram showing controls and start-up system for Eddy- 
stone fhiit No. t. Components of boiler are indicated by rectangular blocks at left, 
and tiirbme components are shown by triangular blocks at right. (Courtesy of 
t hiiadelphta Electric Compa7iy^) 
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dissolve oxides of iron and deposit them on the generator heating sur¬ 
faces. Superpressure water tends to hold solutions of oxides of iron, 
chromium, nickel, and metat alloys. These may deposit in the turbine 
as the fluid becomes subcritical in the turbine or may be carried into the 
condenser condensate. It appears that, if metal oxides are put into the 
steam generator in the feedwater, they may go back into solution. A 
steady concentration may make the oxides dissolve under steam-generator 
conditions and precipitate in the turbine flow path. 



Fig. 20-22. Schematic arrangement of feedwater heater cycle for Eddystone Unit No. 1, 
Feedwater at 574 F is provided by nine feedwater heating stages. (Courtesy qf 
Philadelphia Electric Company.) * 


It seems that, since there is no vaporization in supercritical units, no 
steam blanketing can form and burn out tubes. Dissolved solids tend tO 
concentrate on the inner tube surface, where the fluid turns to steam, 
These deposits may attack the steel. But since no clear-cut vaporization 
takes place in supercritical generators, it seems unlikely that such troubles 
will develop. 

20-7. Station Layouts. Figure 20-20 shows the heat balance for Philo 
Unit 6, the first superpressure plant. Its steam conditions were chosen 
because theoretically they give the optimum value of efficiency. In 
addition the operating pressures of the feedwater lines, boiler, and steam 
lines lie within the present codes. Seven feedwater heating stages and 
two reheats are used in this cycle. 

Figure 20-21 shows the cycle for the Eddystone Unit 1 with a throttlo 
pressure of 5,000 psia and 1200 F temperature, ultimately. The (h^Hignoril 
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chose the most advanced conditions that might be economically feasible. 
The station uses nine feedwater heaters and two reheats. The cycle 
uses the lowest-pressure bleed steam to temper combustion air and a low- 
level economizer to heat condensate by lowering stack temperature to 
about 200 F (see Fig. 20-22). 



Fig. 20-23. Preliminary steam cycle of commercial supercritical unit for Breed Plant. 
(Courtesy of American Electric Power Service Corporation.) 


Figure 20-23 shows the preliminary cycle for the Breed Plant with 
steam conditions of 3,500 psig^ 1050 F, and double reheat to 1050 F 
as the economic conditions. The design of the 450-mw unit was under¬ 
taken by the American Electric Power Corporation after completing the 
Philo Unit 6. 


PROBLEMS 

20-1. Check the thermal efficiency shown in Fig. 20-3 under the following condi- 
l ions: (a) 5,500 psia, 1150 F; (b) 4,000 psia, 1050 F, 

20-2. Check the data for cycles I to VI in Table 20-1. 
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20-3. Check the consistency of the data in Fig. 20-14 at 5,000 psia. 

20-4. Refer to Fig. 20-20 and (a) check the heat input; (b) calculate the coal used in 
tons per hour; (c) check the heat fc^^lance for each heater. 

20-6. Refer to Fig. 20-22, and (a) calculate stack gas flow through the low-level 
economizer in pounds per hour; (b) calculate steam bled to deaerator from the inter¬ 
mediate-pressure turbine, assuming 3 per cent boiler blowdown and 5 F subcooling in 
heater No. 5; (c) calculate the coupling work of the superpressure turbine based on 
95 per cent mechanical efficiency. 
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CHAPTER 21 


NUCLEAR POWER STATIONS 


21-1. Nuclear Fuels. Scientists have long theorized that considerable 
energy could be released by fissioning (breaking up or splitting) heavy 
atoms. In the late 1930s this had been done on a minute laboratory 
scale, and the impetus of World War II brought practical realization in 
the form of the atom bomb. The enormous release of energy from a 
relatively small mass of material makes this method of particular interest 
to central-station energy generation. 

Certain heavy atoms are in a precarious state of internal balance, 
to the extent that by inducing a neutron to enter their nuclei they will 
fission into two smaller nuclei, eject two or three neutrons, and the frag¬ 
ments emit a gamut of rays: alpha, beta, and gamma. The energy comes 
from a minute fraction of the original mass converting according to 
Einstein^s famous law: E = mc^, where E represents energy, m mass, and 
c the speed of light. 

This equation tells us that 1 pound of mass equals 11.3 billion kilo- 
watthours of energy, or 38,660 billion Btu. Most of this energy in 
fission appears as internal energy of the fission fragments, while the 
kinetic energy of the neutrons and the radiations quickly converts to 
internal energy in the materials that absorb them. (Remember that 
internal energy is mainly the kinetic motion of atoms and molecules.) 

Einstein^s law also governs the release of energy by combustion. But 
this chemical process involves only the disappearance of mass of the 
electrons associated with the atoms. In nuclear fuels the energy comes 
from disappearance of mass from the nuclei of the atoms. 

Any atom can be fissioned in an accelerator or similar device for energy 
release. But in a practical fuel we can do this only when it can sustain a 
chain reaction. This means that when an atom fissions, the neutrons 
ejected will be absorbed by other heavy atoms to fission in turn. When 
this condition prevails, a mass of nuclear fuel can be used as a source of 
heat energy. 

The only natural substance that will function as a nuclear fuel is 
uranium. In pure form it is a heavy, hard nickel-white metal—it 
oxidizes in air and water. Uranium is widely distributed as an oxide 
ore in concentrations of less than 0.3 per cent throughout the world, 

411 













412 


STEAM POWER PLANTS 


The richest deposits lie in the Belgian Congo, northern Canada, and the 
Colorado Plateau in the United States. It can be recovered as a by-prod¬ 
uct from some gold-ore and {Phosphate processes. 

Natural uranium wherever found consists of; 

Uranium 238. . 99.3% 

Uranium 235. 0.7% 

Uranium 234. .. Trace 

Of these three natural isotopes only uranium 235 (U-235) will fission 
in a chain reaction. A small portion of the U-238 will also fission when 
absorbing a neutron, but it cannot sustain a chain reaction. 

21-2, Man-made Fuels. Uranium 235 in natural uranium fissions 
more readily when the neutron it absorbs moves relatively slowly, at a 
speed comparable with that of a ^^hot,” or thermal atom. A neutron 
at 60 F travels at about 4,830 mph, and the speed varies with the square 
root of the absolute temperature. Neutrons emitted by fissioning U-235 
fragments are fast neutrons and have about 1,000 times the energy of a 
thermal neutron most suited for absorption by U-235. 

To sustain a chain reaction in natural uranium, the fast neutrons 
must be moderated (slowed down) to thermal speeds. This is done by 
letting neutrons collide several hundred times with nuclei of other light 
atoms, such as hydrogen, helium, beryllium, or carbon. When a ther- 
malized neutron passes close to a U-235 nucleus, the short-range attract 
tive forces have time to pull the neutron into the nucleus and initiate 
fission. 

To avoid using a moderator, uranium fuels may be “ enriched by 
increasing the concentration of U-235 from as little as 1 per cent to as 
much as 95 per cent and more. Highly enriched uranium will sustain a 
chain reaction without a moderator, *i.e., with fast neutrons. Enriched 
fuels are more costly because of the processing needed. 

While natural uranium contains only 0,7 per cent fissionable material 
in the form of U-235, a fortuitous process takes place with U-238 that 
converts it to a fissionable material also. Some of the excess of neutrons 
released by a chain reaction in the U-235 isotopes are absorbed by the 
U-238 atoms. This initiates a series of processes with a half-life of less 
than 2}/2 days. During these processes the U-238 atom (which becomes 
a U-239 atom with the absorbed neutron) emits a gamma ray and two 
beta particles, becomes neptunium 239 (Np-239) for a while, and ulti- 
mately transforms into plutonium 239 (Pu-239), a toxic, but highly 
fissionable material. Plutonium 239 exists in nature in only trao6 
amounts. 

If the chain reaction and released neutrons can be controlled, this 
means that all of natural uranium can potentially become fissionablo 
material, i.e., a nuclear fuel. This is called breeding and ideally could 
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be carried on while natural uranium reacts to produce heat. In the 
reactors running today part of the U-238 transforms to Pu-239, which then 
fissions and contributes to heat production. 

Thorium 232 (Th-232), a natural material, can also be converted to a 
fissionable material by placing it close to U-235, sustaining a chain 
reaction. By absorbing an excess neutron Th-232 changes to pro¬ 
tactinium 233 (Pa-233) and ultimately to U-233 during a process with a 
half-life of about 273^ days and during which it emits a gamma ray and 
two beta particles. Uranium 233 can be fissioned by either fast or 
thermal neutrons and can sustain a chain reaction like U-235 and Pu-239. 
Uranium 238 and thorium 232 are called fertile materials. 

21-3. Nuclear Reactor. To control the “burning’^ of fissionable fuels, 
they must be placed in a reactor which largely functions to control the 
release and absorption of neutrons during a chain reaction. Neutrons 
released in a chain reaction are disposed of in four different ways: (1) 
escape from the fissionable material; (2) nonfission capture by U-238 to 
form Pu-239; (3) nonfission capture by control-rod material, moderator 
nuclei, fission fragments, and impurities; and (4) fission capture by U-235, 
Pu-239, and U-233. 

A chain reaction producing a constant rate of heat energy can continue 
only if the neutrons released by fission just balance the four types of 
disposal listed above. If neutron production rate drops below disposal 
rate, the chain reaction stops; if it exceeds disposal rate, fissioning rate 
increases and may get out of control. A reactor is of critical size when the 
fission-produced neutrons just balance those disposed of in the four 
categories. For a practical reactor the fissionable fuel in it must be 
larger than the critical size. 

To regulate fissioning (heat production) in a reactor, control rods of 
boron or hafnium, neutron-absorbing materials, are inserted into the fuel. 
To increase the fissioning rate of a chain reaction, the control-rod pene¬ 
tration is reduced a small fraction of an inch so that the control rods 
absorb fewer neutrons, which are then available to fission more atoms 
in a given time. This allows the fissioning rate to increase. When the 
new fissioning rate has been established, the control rods are again rein¬ 
serted into the fuel to absorb the excess neutrons and keep the chain 
reaction from growing further, and so maintain the new higher rate. 
To lower the fissioning rate, the control rods are pushed deeper into the 
fuel to absorb more of the neutrons. When fissioning has dropped to the 
lower rate, the rods are pulled out to their former position. 

Figure 21-1 shows a schematic layout of a nuclear reactor which has 
a fuel core, moderator, shielding, reflector, control rods, and coolant 
passages. These elements may be arranged in a wide variety of ways in 
actual reactors. 
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The reactor core, made up of the fuel rods or assemblies, may contain 
natural uranium metal, enriched uranium, plutonium, or U-233. The 
fuel rods may be diluted with jaonfissionable material to get better reac¬ 
tion control or to minimize damage from fission-product poisoning. The 
fuel rods may be machined or rolled into a variety of shapes such as tubes, 
sheets, rods, balls, or powders. They must be clad with a corrosion- 
resisting metal, such as aluminum, stainless steel, or zirconium. The 
fuel may also be uranium oxide pellets held in a container made of the 
same metals just mentioned for cladding. Fissioning makes the fuel 
metals hot and produces temperatures of the order of 1100 F. 

The moderator in a reactor core consists of a material, such as graphite, 
packed round the fuel to slow the fast neutrons to a thermal speed. In 
some reactors the moderator may be mixed with the fuel. The moderator 
may be pure graphite, heavy water, or light (normal) water. Beryllium 
may also be used for compactness. Fast neutrons with an energy level 
of about 1 million electron volts (1 mev) travel a few inches at speeds 
of about 8,700 mps. Moderators reduce this speed to a thermal level 
of about 2 mps in a very small fraction of a second. 

Thermal shielding must surround the entire reactor core to absorb some 
of the radiations (beta particles, escaping neutrons, and gamma rays) 
produced by the fissioning. The shield, usually made of iron, partly 
absorbs these energy forms and becomes heated. This prevents the 
adjacent wall of the reactor vessel from becoming locally heated and 
warped. The coolant flows over the thermal shield to carry off the 
generated heat. 

The reflector usually completely surrounds the reactor core within the 
thermal shielding. It bounces back most of the neutrons that escape 
from the fuel core. In Fig, 21-1 the Quter edges of the moderator also 
function as a reflector. Neutrons colliding with the atoms of the reflector 
heat it, so that it also must be cooled. 

The reactor vessel, or tank, completely encloses the reactor core with 
its reflector and thermal shield. It provides the passage for directing the 
coolant flow through and around the reactor core. The vessel may have 
to withstand pressures of only a few hundred pounds per square inch or 
pressures as high as 3,0Q0 psi. The reactor core sits near the vessel 
bottom to give room for maneuvering the fuel-handling gear above the 
core. Fuel assemblies (rods) enter and leave the vessel through an 
access hole at the top. In some water-cooled reactors these fuel assem* 
blies can be manipulated manually through the access door by long tongs. 
About 15 ft of water must be maintained as a shield between the radio* 
active fuel and the operators handling it. There are one or more inlet 
nozzles at the tank bottom to admit coolant flow and one or more nozzles 
at the upper edge to discharge coolant flow. 
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I' [u. 2J-L Sdienmtk arrangement of power reactor shows uranium fuel rods held in 
moderator surrounded by thermal shielding and supported in a reactor lank or vessel. 
(^>olttut /lowing upward tlirough fuel-rod tubes eaj riea off heat developed by fissioning 
atoms. Control rods hold fissiouing at proper level by absorbing excess 
neulrouH, 
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Coolant flow perforins two duties; (1) it carries away the useful heat 
produced by fission to power-generating apparatus such as a steam boiler, 
and (2) it keeps the reactor fuel assemblies at a safe temperature to 
prevent melting and destruction. Heat must be removed continuously 
in proportion to the fissioning rate. Coolant fluids comprise a variety of 
types: air, carbon dioxide, hydrogen, helium, light water, heavy water, 
fused salts, organic fluids, sodium, and sodium-potassium and lead- 
bismuth alloys. 

The coTitTol vods of fcho roactor absorb the 6xcess noutroiis roloased by 
fissioning. The rods, usually of boron, absorb neutrons instantly and 
can be moved in and out of holes in the reactor*core assembly. The rods 
niay be cylindrical or hi sheet form. Control rods are of two types, 
safety and shim. Safety rods are completely drawn out of the core before 
controlling the fissioning by inching the shim rods out and in. If the 
reactor should surge accidentally because the shim rods stick, an auto¬ 
matic trip system rapidly forces in the safety rods to halt the chain 
reaction. This is called “scramming” the reactor. 

The biological shield may completely encase the reactor to contain and 
attenuate the lethal radiations produced by fissioning. Lead, iron, or 
concrete may be used for shielding. Concrete thicknesses must be of 
the order of several feet but can be reduced by adding iron oxide to the 
cement. In some designs the biological shield acts as the walls of a 
pool of water. Water covering the top of the reactor to a sufficient 
depth acts as the cover shield. 

21-4* Reactor Operation. Changing fuel in a reactor involves special 
methods. Some of the fission fragments acquire high-intensity ra^lio- 
actiyity with a half-life of scores of years. After a certain proportion 
of the fuel has fissioned, the accumMlating fission products absorb the 
fission neutrons and bring the chain reaction to a halt. These spent fuel 
assemblies must be replaced with fresh fuel. The radioactivity makes it 
essential to perform this operation remotely to protect the operators. 

Experiment at this time shows that 1 ton of natural or slightly enriched 
uranium can produce 10,000 megawatt-days of heat energy; this equals 
240,000,000 kwhr. On the average, when 1 lb of U-235 fissions, 0.00091 lb 
of its ma^s converts to energy. This energy then equals 

11.3 X 10® X 0.00091 = 10.3 X 10® kwhr per lb of U-235 

Then at 240 X 10® kwhr per ton only (240 X 10®)/(10.3 X 10®) = 23.3 lb 
of uranium per ton fissions. In other words, this is a burii-up of only 
100 X 23.3/2,000 = 1.2 per cent of total fissionable and fertile material, 

A 1 per cent burn-up seems wasteful of uranium, but this will probably 
be increased over the years. On the other hand, highly enriched uranium 
can be worked to a burn-up of about 40 per coni, ac^cortling to so me pn>- 
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dictions; but the basic fuel is much more expensive. If the fuel assembly 
is in solid form, fissioning deforms it by warping and hardening. This 
must not proceed to the point that will prevent removing the assembly 
from the reactor core. Neutron displacement in the core also weakens 
the cladding and supporting members. 

Another factor contributing to low burn-up is the accumulation of 
fission fragments as fissioning proceeds. Unfortunately they absorb 
neutrons, and when enough fission products are formed, so many neutrons 
are absorbed that the chain reaction cannot be supported. 

The burned-up radioactive fuel assembly containing 99 per cent of 
uranium must be removed from the reactor core to “ cooling storage” in a 
deep pool of water ivhere the shorter-lived radiation dissipates during 
several weeks. During this time the U-239 transmutes to Pu-239. At a 
processing plant the spent fuel slugs are dissolved in acid to separate the 
U-235, U-238, and Pu-239 from the fission products. This involves 
some 30 chemical reactions and many operations. 

Many of the radioactive fission products will find use in industry and 
medicine, where penetrating radioactivity has proved highly valuable. 
But, at this time, safe disposal of the remainder as a waste poses a costly 
problem. The fissionable and fertile materials may be used to recharge a 
reactor for more power production. But they mu.st be processed and 
machined by remote methods because of their radioactivity. 

All this highly complicated processing of fresh and salvaged fuel makes 
the cost quite high. Since we get such a high energy yield per pound, 
we can afford to pay much more per pound than for conventional fuels. 
But if ways are not found to reduce this cost, nuclear plants will be used 
only where conventional fuels are unavailable or very costly. 

With these major facts of nuclear heat production in mind, let us study 
some practical reactor layouts, first in schematic form and then in plant 
form. 

21-5. Pressurized-water Reactor. Figure 21-2 shows the arrangement 
of a pressurized-water reactor (PWR) that uses either heavy or light 
water as both moderator and coolant. The water completely fills the 
reactor vessel, heat-exchanger tubes of the boiler, and connecting pipe¬ 
lines. The pressurizing tank keeps the water at more than 1,200 psig 
so that it will not boil. 

Electric heating coils in the pressurizer boil off some of the water to 
form steam that collects in the dome. As more steam is forced into the 
dome by boiling, its pressure rises and so pressurizes the entire coolant 
circuit. To reduce pressure, cooling coils or spray water condenses 
some of the steam. 

The pump circulates the coolant into the bottom of the reactor vessel, 
up through the core passages and over the reflector and thermal shield. 
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out through the outlet nozzle into the heat-exchanger section of the 
steam boiler, then out to the pump suction to complete the circuit. The 
pump only circulates the coolant (does not pressurize it) by generating 
a pressure rise just enough to overcome the flow resistance of the circuit. 

As the coolant flows upward through the core, it is heated by the 
fissioning fuel elements. Some local steam bubbles may form at hotter 
spots of the fuel elements, but they quickly condense in giving up their 



Fig. 21-2. Pressurized-water reactor has pump circulating water between reaotOT 
vessel and boiler heat exchanger. Water acts as coolant and moderator. Pressurizing 
tank maintains water pressure. 


heat to the surrounding water coolant. The hot coolant gives up iti 
energy by heat transfer to the feedwater returned from the turbing 
condenser, in the heat-exchange section of the steam boiler. The cooled 
coolant then returns to the reactor vessel for reheating. 

The coolant becomes radioactive in passing through the reactor oori| 
so that the entire coolant circuit, including the steam generator, must Iwi 
shielded to protect operating personnel. The radioactive coolant doii 
not have the ability to make the steam in the boiler radioactive. 

With the pressurized coolant at about 2,000 psig the highcst-prcHHim* 
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steam is limited to about 600 psig leaving the boiler. This reactor 
arrangement can produce only saturated steam. The steam, however, 
can be superheated by separate firing after leaving the boiler. 

21-6. Boiling-water Reactor. Figure 21-3 shows the boiling-water 
reactor (BWR), the simplest form of nuclear reactor. Feedwater return- 
ing from the turbine enters the bottom of the reactor vessel to join water 
in the reactor circulating upward through the core and downward over 
the thermal shield around the core periphery. 

Steam bubbles form on the sur¬ 
faces of the fuel elements and are 
carried upward in the circulating 
water to break through in the steam- 
release spacea bove. The steam then 
leaves to enter the turbine. The 
water acts as both coolant and 
moderator. 

Steam pressure in this reactor 
need be only at the working pressure 
used by the turbine. The reactor 
vessel can be much lighter than that 
for a PWR. This reactor does not 
need a pressurizer, steam generator, 
circulating pump, or connecting 
piping. The steam will be hotter 
because of eliminating temperature 
drops in a separate steam generator 
and because it can be produced at a 
higher pressure. 

Steam leaving this reactor will be 
radioactive, but at a low level and with a half-life on the order of 15 min. 
The turbine and its piping need light shielding to protect personnel. 

21-7. Sodium-Graphite Reactor. Figure 21-4 shows the circuit of the 
sodium-graphite reactor (SGR), which has two coolant loops. The fuel 
elements in the core are held in a graphite moderator. Sodium (Na) 
completely fills the reactor vessel, intermediate heat exchanger (IHX), 
and connecting piping. The pump circulates the liquid sodium through 
this primary loop to be heated in the reactor core and cooled in the IHX. 

Sodium boils at 1620 F under atmospheric pressure and freezes at 
208 F. The entire system must be traced by an electric heating system 
so that the sodium can be melted prior to circulation by the pump. But 
sodium has a high boiling temperature, and it need be only moderately 
pressurized, on the order of 100 psig—this minimizes the cost of the 
reactor vessel. High sodium temperatures permit high outlet reactor 



coolant water, also acting as moderator, 
circulates upward through fuel core and 
downward over thermal shield. Steam 
bubbles break through water surface— 
steam collecting in upper vessel leaves 
for turbine, Feedwater replaces steam 
generated. 
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temperatures and maximum steam temperatures through superheating. 
Since sodium reacts violently with air and water, any system handling 
it must be leak-tight. * 



Fig. 21-4. Sodium-graphite reactor uaea two liquid-metal coolant circuits, connected 
through intermediate heat exchanger, IHX, and a once-through steam generator pro¬ 
ducing superheated steam. 


In the IHX the primary sodium loop gives up its heat to an alloyed 
liquid metal, sodium-potassium (NaK). A pump circulates this between 

the IHX and the tubes of the steam 
generator. In the once-through 
boiler the feedwater boils to steam 
and then becomes superheated before 
leaving for the turbine. 

Because sodium becomes intensely 
radioactive in the reactor, the inter¬ 
mediate loop is used to guard against 
transferring this radioactivity to the 
steam. This also prevents spreading 
radioactive vapors in an accident if a 
leak occurred in the boiler mixing 
radioactive sodium and water. 

In charging or draining one of these 
loops the liquid metal must be handled 
under the cover of an inert gas like 
helium to prevent contact with air. 

21-8. Fast-breeder Reactor. Fig¬ 
ure 21-5 shows the schematic layout 
of the fast-breeder reactor vessel. The reactor core has no moderator, 
uses highly enriched fuel, and is liquid-metal-cooled. This reactor usee 
two liquid-metal coolant circuits like the SGR. 



Fig. 21-5. Fast-breeder reactor has 
enriched core surrounded by depleted 
uranium blanket. Liquid-metal cool¬ 
ant removes heat from both. 
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The compact core of U-235 fissions by absorbing the high-speed 
n ot?"® The central U-235 core is completely surrounded by 

U-238, which absorbs the excess neutrons and so converts to plutonium. 
1 art of the plutonium participates in the chain reaction and fissions to 
produce heat. After the central core works to maximum burn-up, the 
L-238 blanket elements are processed to remove the plutonium, which 
can be used to fuel another or the same reactor. 

f elements making up the U-235 core consist of a central portion 

ot U -235 metal between equal lengths of U-238 metal. The fuel elements 



Fig 21-6. Homogeneous reactor has pump circulating uranium-bearing fluid between 
mixture^'"'^ uranium collects in reactor to heat the fuel-fluid 

periphery section of the core contain only the fertile 
U-238. This arrangement completely surrounds the fuel core with 
fertile material. Uranium 238 is also used as control-rod material to 
control the chain reaction—insertion absorbs more neutrons, withdrawal 
absorbs fewer neutrons. 

21-9. Homogeneous Reactor. Figure 21-6 shows a reactor using a 
iquid that carries U-235 in a finely divided form, such as: (1) a sulfate 
o uranium dissolved in light or heavy water, (2) an oxide of uranium 
earned as a slurry m water, or (3) a solution of uranium in liquid bismuth. 
Im last would have a graphite arrangement in the reactor for a moderator, 
he pump circulates the uranium-bearing liquid between reactor vessel 
and heat exchanger of the steam generator. The reactor vessel just 
lo ds a critical mass of uranium that continually changes because of the 
constant flow. Fissioning U-235 heats the solution in the reactor, but 
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as any part of the solution flows out of the reactor, its mass is below the 
critical size to support a chain reaction and fissioning stops. 

The heated solution enters the boiler to give up its energy to the water 
circulating through the vertical heat-exchanger section. The pump 
removes the cooled solution and forces it back into the reactor. The 
boiler acts like a conventional natural-circulation boiler with a boiler 
drum to receive incoming feedwater from the turbine and to release 
steam bubbles from the circulating boiler water. 
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Fig. 21-7. Shippingport Plant has one reactor and four coolant loops to produce steam 
for turbine. Separator receives all of partly expanded steam from turbine to remove 
moisture before returning steam to low-pressure stages. {Courtesy of Westinghouse 
Electric Corporation.) 


Cycles using water as the uranium carrier must be pressurized to 
avoid boiling in the fuel-circulating loop. A liquid-metal-fuel solution 
need not be pressurized but must have a graphite moderator in the 
reactor. In this arrangement the fuel can be continuously processed to 
remove fission products and inject fresh fuel. 

21-10. Gas-cooled Reactor, The circuit for a gas-cooled reactor is 
similar to that shown in Fig. 21-2, with these differences. The reactor 
core would include a graphite moderator. The coolant would be a gas 
and the pump a blower or gas compressor. There would be no need 
for a pressurizer. The vessels and piping would be considerably larger 
because of the lighter density of the coolant. The tubes of the boiler 
would have extended surfaces such as fins to improve heat-transfer 
rates. Gas pressures would be less than 100 psig, so that vessc^l wall 
thickness would not be a problem. The gas could be air, hydrogen, 
helium, or carbon dioxide. 
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frr'l’ containment vessel feeds four cooknt loons 

adjacent containment tanks. (Couriesy of Westinghouse Elecfri, 


plant to start operating in the United States. The plant has a lOO-mw 
outdoor turbine supplied with GOO-psig saturated steam from four .steam 
pnerators. All four boilers get their heat fi'om one l^WR through coolant 
loops running at 2,000 psig (Fig. 21-7). 

Reactor, pressurizer, coolant pump.s, and steam generators stand in 
tour large containment tanks. These taiik.s (tan bold all the vapor and 


gases that might be released by a major accident to any of the equip¬ 
ment. The tanks are a precaution against spreading radioactive gas 
that might be produced by an accident. 

Figure 21-8 shows three of the containment tanks, with the reactor 
pd two of the boilers indicated. Concrete walls separate the two 
bmlers in a common containment tank. This protects maintenance men 
while working on one coolant-circuit pump or boiler from radiation that 
mipt emanate from the operating circuit equipment. Other auxiliaries 
and the pressurizer stand in a fourth tank not shown. All containment 
tanks are connected together by piping so that the total volume will be 
availal)le for gases released in any tank. 
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Figures 21-9 and 21-10 show the reactor-core and vessel assembly. 
Two kinds of fuel elements, (1) seed assemblies and (2) blanket assemblies, 
and cross-shaped control rods ^ake up the reactor core. The 24 seed 
assemblies consisting of 95 per cent U-235, alloyed with zirconium, are 
arranged in a square. The cross-shaped control rods move up and down 
within these assemblies. 



Pressure vessel-cross section above core 


Fig. 21-9. Shippingport reactor core has 24 U-235 seed assemblies with cross-shaped 
control-rod inserts and 93 UO2 blanket assemblies. {Courlesy of Westinghouse Electric 
Corporation.) 


Four subassemblies welded together with spacers make up each seed 
assembly. The subassemblies look like the element at the right of Fig, 
21-11. The 2,000-psig coolant passes through the channels and over all 
surfaces of the subassembly. All surfaces of the U-235-zirconium alloy 
are clad with Zircaloy-2 to guard against corrosion. 

Blanket assemblies fill the space inside and outside the square formed 
by the seed assemblies. Zircaloy-2 tubes filled with UO 2 pellets make 
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I' 10 . 21-10. Shippingport reactor vessel has core in bottom half with control rods 
passing up through the dome. Coolant (2,000-psig water) enters at bottom porta, 
flows up through core, and leaves through center ports. (Courtesy of Westingkouse 
hlectric Corporahon.) 


up the blanket assemblies. Each blanket is a stack of seven bundles of 
100 tubes. Figure 21-11, left, shows a bundle held together by end 
plates. The 2,000-psig water flows up through the holes in the end 
plates to cover the UOz-filled tubes. 

All the fuel elements lock into the bottom support plate and the upper 
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grid (Fig. 21-10). The 2,000-psig water enters the bottom of the reactor 
vessel to flow up through the flow baffle into the fuel elements. About 
10 per cent of the water bypasses the core to cool the vessel wall and 
thermal shield. The water itself acts as a shield in this area. Water 
enters the core at 508 F and leaves at 542 F. 

The reactor vessel has a 9-ft ID and SJ^-in. wall of carbon-steel plate 
and forgings with 3^^-in. stainless-steel cladding. The vessel stands 
33 ft high with a 6-in.-thick bottom and a 10-in.-thick cover bolted on 
with forty-two 6-in. studs. 



Fig. 21-11. Left, uranium oxide pellets encased in Zircaloy tubing held in end plates 
are cooled by water flowing over outer surface. Right, Zircaloy-clad U-235 element 
has 14 coolant channels. (Courtesy of Westinghouse Electric Corporation.) 

Control-rod drives and fuel ports for removing fuel assemblies pierce 
the top cover. Fuel assemblies can be removed and inserted individually 
through the fuel ports. By lifting off the top cover the whole core can 
be removed from the vessel. The containment tank surrounding the 
vessel holds a 3-ft thickness of shielding water. In turn the concrete 
shielding around the reactor containment tank holds additional shielding 
water, which covers the reactor vessel and cover to about 25-ft depth. 
The entire assembly stands below ground level. 

Isolation valves next to the reactor inlet and outlet for each of the 
four coolant loops make it possible to isolate a loop for repairs without 
shutting down the reactor. The eight valves are remotely and hydrauli¬ 
cally controlled. 

Pumps handling the radioactive coolant must have zero leakage. The 
canned-motor pump (Fig. 21-12) meets this specification. Both stator 
and rotor of the driving motor are hermetically sealed in cans or sheathing. 
The water moved by the pump also lubricates the bearings for both motor 
and pump. Bearings must have a large enough surface to compensate 
for the poorer lubricating qualities of the water. 

Water completely fills the air gap in the motor and any other spaces. 
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The sealing sheaths add to the motor air-gap loss. Cooling coils sur¬ 
round the exterior of the stator winding to prevent their overheating. 
The electrical insulation must resist 
nuclear radiations given off by the jPKl 
water. 

A 1,200-kw two-speed 2,300-volt 
three-phase motor drives the single- 
stage 15,000-gpm centrifugal pump 
made of stainless steel. The motor, 
weighing 20,000 lb, mounts in the 
cast stainless-steel volute with a 
seal-welded joint. 

21-12. Steam Generators. Steam 
generators of two designs (Figs. 21-8 
and 21-13) work with the Shipping- 
port reactor. Both have a heat- 
exchanger section and a steam drum. 

The high-pressure coolant flows 
through several hundred small-diam¬ 
eter stainless-steel tubes in the 
exchanger section. The coolant 
cools from 542 to 508 F to form steam 
bubbles in the boiler water surrounding the tubes. A mixture of steam 
bubbles and boiler water passes through the several risers into the drum 
above. Steam bubbles break away from the water in the drum and pass 



Fig. 2J-12. Canned-motor pump for 
2,-500-psig design pressure handies 16,800 
gpni of water coolant. (Courtesy of 
IVcstingh&use Electric Corporation.) 



Fig. 21-13. Steam generator has U-shaped heat exchanger at bottom and steam drum 
above to receive feedwater and separate water and steam. 
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through separators to remove any entrained water. The 600-psig steam 
leaves almost dry for the turbine. The boiler water returns to the 
exchanger through the downrcomers. 

Boilers produce 263 million Btu per hr in the steam. At no load the 
steam pressure rises to 885 psia and drops to 600 psia at full load. The 
2,000-psia coolant flows through the exchangers at the rate of 6.5 million 
lb per hr. Two of the boilers are entirely of stainless steel with a straight- 
tube and fixed-tube-sheet design; they are 36 ft long and 43 in. in diameter. 

The other two boilers (Fig. 21-13) have return-bend U-tube exchanger 
sections with an over-all length of 28 ft and a 39-in. diameter. 

21-13. Pressurizer. The pressurizer for Shippingport is a vertical 
tank 18 ft high with a 5-ft ID and 300-cu ft volume. About 150 cu ft 
acts as steam-dome volume at maximum water level. Normal surges 
will be as high as +10 cu ft, corresponding to 1,850- and 2,185-psia pres¬ 
sure limits. The lower pressure must be above a level fixed by core hot¬ 
spot temperature, and the higher pressure should be below relief-valve 
setting. 

The 500-kw electric heaters in the tank supply the energy for initially 
raising coolant-system pressure. The system must be filled to the 
proper level in the pressurizing tank with highly purified water. Closing 
the system and starting the heaters heats the water in the tank till it 
boils. Boiling at constant volume gradually raises steam and water 
pressure to the operating level at 2,000 psig. 

21-14. Argonne Experimental Boiling-water Reactor. Figure 21-14 
shows the experimental BWR at the Argonne Laboratory in Lemont, Ill. 
All the equipment except the central control board stands inside the 
containment vessel. The vessel, 123 ft high and 80 ft in diameter, is 
made of welded steel plate lined with concrete. It will hold gases and 
steam that might be released in any accident. 

A 6,250-kw-capability turbine generator stands on the operating floor 
with its main condenser directly underneath. Next to the condenser 
stands the steam separator for removing moisture in the main steam 
leaving the BWR, which stands just to the right of center. 

The reactor vessel is 7 ft in diameter, 25 ft high, and 23^ in. thick and is 
forged of boiler steel with an inside layer of stainless steel. Stainless- 
steel wool insulates the vessel. Three inches of water-cooled lead, and 
several feet of special concrete, protect the surroundings from radiation. 

In the bottom half of the vessel stands the reactor core, containing 
12,500 lb of slightly enriched uranium alloyed with niobium and zir¬ 
conium and clad with zirconium. The fuel elements are plates about 
3-^ in. thick, 3% in. wide and 4 ft long. 

The control rods of hafnium and boron-bearing stainless steel slide 
into the core from the bottom. The control-rod mechanism stands under- 



Fig. 21-14. Argorititi experimental boiling-water reactor plant has 6,250-kw turbine 
supplied-bOO-psig steam from reactor. Containment tank completely encloses plant 
to prevent escape of radioactive vapor that might be released in an accident. (Cour¬ 
tesy of Argonne Nalional Lnboraiory.) 


1958, the reactor produced 61,700 kw of heat with the original core. The 
designers estimate that with minor modifications of the core the reactor 
can produce as much as 100,000 kw of heat. 

A rail-mounted lead coffin, not shown in Fig. 21-14, transports radio¬ 
active fuel rods from the reactor to the water-filled decay storage pit 
at the right. Prior to the removal operation, the reactor is completely 
filled, up to the operating floor, with cold treated water, the cover having 
been removed. Tlie water gives the operators biological shielding and 
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neath the reactor vessel at the bottom of the containment vessel. The 
reactor vessel holds 3,000 gal of water and was designed to generate 
60,600 ib of steam at 600 psig (489 F), or a total of 20,000 kw of heat. 

The reactor first went critical on Dec. 21, 1956; seven days later it 
produced its rated output. After a year of experimentation the reactor 
output was raised to 40,000 kw of heat on Dec. 2,1957. Then on Mar. 20, 
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permits examination of the reactor interior. Tongs within the lead 
coffin reach into the reactor and pull up spent fuel assemblies into the 
coffin. Fresh unirradiated fi/el assemblies can be inserted manually 
into the core with the aid of long tongs. 



Fig. 21-15. Enrico Fermi Plant reactor has enriched core surrounded by blanket of 
depleted uranium. Reactor vessel is completely filled with liquid sodium, which acts 
as coolant. Rotating shield plug at top of vessel holds equipment to transfer fuel 
assemblies in core. 

21-16. Enrico Fermi Plant. This plant uses a fast-breeder reactor 
discussed in Sec. 21-8 and shown in Fig. 21-5. The reactor has three 
coolant loops each with an IHX, circulating pumps, and steam generator. 
The secondary coolant is also sodium. 

Figure 21-15 shows the reactor of the plant together with the fuel¬ 
handling equipment. The reactor core produces most of the heat and 
about 25 per cent of the Pu-239. The core consists of an assembly of 
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alloy pins of uranium enriched to 27 per cent U-235 and alloyed with 
10 per cent of molybdenum. Alloy rods containing depleted uranium 
completely surrounds the core, to form the breeder blanket. The blanket 
produces about 75 per cent of the Pu-239. For every pound of U-235 
fissioned to produce heat this reactor converts 1.2 lb of U-238 to Pu-239. 

A hold-down plate on top of the core keeps the fuel elements aligned 
and prevents them from floating upward with the sodium coolant passing 
through. The plate also keeps the control-rod drives aligned. The 10 
control rods, made of boron, regulate the core power level. Two of these 
are shim rods; the other 8 are safety rods. 

The top of the reactor vessel is closed by a rotating shield plug. To 
remove an element from the core, the control rods are locked in and the 
drives disconnected remotely. The hold-down plate is lifted and the 
shield plug rotated so that the offset handling mechanism can latch onto 
the fuel element to be removed. This mechanism then lifts out the fuel 
element and deposits it in the transfer rotor. All this must be done 
remotely since the reactor vessel is filled with radioactive sodium. A 
transfer cask car removes the fuel element from the transfer rotor. New 
elements are inserted by the reverse method. The transfer rotor con¬ 
tainer is an integral part of the reactor vessel. 

The reactor vessel and its auxiliary handling devices are completely 
enclosed in a primary shield tank to guard against distributing radio¬ 
active gases in an accident. This assembly and primary-loop pumps and 
IHXs in turn are enclosed in a gastight building or containment tank. 

Sodium from each of the loops enters the reactor vessel at the bottom 
to flow up through the core. The sodium then flows through the outlet 
to the IHX. From the bottom of the IHX it passes to the circulating 
pump suction to repeat the cycle. 

The principal characteristics of the plant are: 

Electrical capacity. 100 mw 

Reactor heat output. 300 mw 

U-235 critical mass. 1,070 lb 

Fuel alloy. 90% U-10% Mo 

Uranium enrichment. 27 % 

Core diameter. 30.5 in. 

Core length... 30.5 in. 

Core avg heat 

flnx. 665,000 Btu per hr per sq ft 

Core power 

density. . . 78.5 X lO® Btu per hr per cu ft 

Sodium velocity. 32.5 ft per sec 

Net thermal efficiency. ... 30% 


Breeding ratio. 1.2 

U-235 burned per year. 189 lb 

Pu-239 produced per year. . , 224 lb 
Primary sodium temperatures: 

Leaving reactor. 800 F 

Entering reactor. 550 F 

Sodium flow. 13,200,000 lb per hr 

Secondary sodium temperatures: 
Entering steam generator.'. 750 F 
Leaving steam generator... 500 F 

Steam pressure. 600psia 

Steam temperature. 740 F 
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CHAPTER 22 


INTERNAL-COMBUSTION ENGINES 


22-1. Relative Capacity. Over 90% of the prime-mover capacity in 
1 C Lmted States is m the form of interiiat-combustion (i-c) engines 
I (lese include engines in automobiles, trucks, buses, locomotives, trac¬ 
ers, ships, and stationary plants. The mobile applications by far have 
the major part of the capacity. We shall be concerned only with the 
t ngitiGs usGa for stationary power gonoration* 

While there are about an equal number of both steam central stations 
iii.d i-c-engme central stations, the latter have only about 2 per cent of 
the total national capacity. Steam stations supply about 80 per cent 
ot the total, the remainder being hydroelectric plants. 

Reciprocating i-c engines of all types use the same basic processes 
1^1 tier air or a nmture of air and vaporized fuel Ls compressed in a 
cylmder V a piston. The compressed air or mixture is ignited by 
lnjo(!tuig fuel or by an electric spark to raise the pressure sharply. The 
|)rcH.siiriz^ combu.stion gas then works on the piston while it expands 
J imdly the .spent combustion gas exhausts from the cylinder and a fresh 
Charge ol fluids repeats the cycle. 

22-2. Engine Classification. Engines may be classified in many ways 
lUKtoremg to their basic cycle and physical components. Thermo- 
dynamically they may be classified according to the combustion process: 

( constant volume—Otto cycle; (2) constant pressure—diesel cycle; 

i constant volume and constant pressure—dual, or 

naOathe, as outlined in Secs. 3-7 and 3-8. 

I'rom the design standpoint engines may be classified as follows: 

1. I^iston strokes per cycle: 

a. Two 
h. Four 

2. Fuel used: 

(i. Gasoline 
Gas 
c. Oil 

(L Gas and oil combined 
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3. Ignition method: 


a. Spark-ignition (s-i) 
h. Compression-ignition^(c-i) 
c. Surface-ignition 

4. Fuel admission: 


a. Injection (air blast or mechanical) 

b. Carburetor 

c. Mixing valve 

d. Compression (for gaseous fuels) 

5. Air admission: 


a. Simple aspiration (four-stroke cycle) 

b. Scavenging by blower or pump (two-stroke cycle) 

c. Supercharging (four-stroke cycle) 


Many firms build i-c engines. Table 22-1 lists the wide variety cif 
engines available today according to their commercial or common nanio 
and gives the basic feature of each. 

22-3. Engine Cycles. The cycles described in Secs. 3-7 and 3-8 aro 
based on the air standard for easy study. While they do show th0 
general processes in the engine and the effect of various factors, they are 
fictitious from the practical standpoint. Figure 22-1 shows indicaM^ 
and 'pressure-time diagrams for practical s-i and c-i engines. The net 
area of the indicator card ^p dv measures the net work per cycle dont 
on the piston face by the combustion gases. This is 


ihp = 


imep L X A X n 
33,000 


( 22 - 1 ) 


where ihp = indicated power per cylinder, hp 

imep = indicated mean effective pressure, psi 
L = piston-stroke length, ft 
A = piston area, sq in. 
n = number of cycles per min per cylinder 
= rpm for 2-stroke cycle 
= }/2 rpm for 4-stroke cycle 

The piston delivers the indicated power to the engine shaft through H 
mechanism that converts the reciprocating motion to rotary motiiilL 
The net power output is 

bhp = ihp X Vm (2SI«|) 

where bhp = brake horsepower or net delivered power, hp 
rjm = mechanical efficiency, fraction 
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The brake horsepower may also be computed from 


bhp 


LxAXnXNXp^XvvX (F/A) X HHV X va X Vm X J 

33,000 

(22-3) 

where n = number of cycles per min per cylinder 
N = number of cylinders 
Pa = density of entering air, lb per cu ft 
7}v = volumetric efficiency 
F/A — fuel-air ratio 

HHV = heating value of fuel, Btu per lb 

7)ii = indicated thermal efficiency of actual engine, fraction 
A = piston area, sq ft 
L = piston-stroke length, it 
i = 778 ft-lb per Btu 

This equation develops the brake horsepower in terms of the factors 
directly controlling it. The thermal efficiency reflects the effects of heat 
losses, valve throttling, and timing. 

22-4. Engine Fuels. Internal-combustion engines use both oil and 
gas fuels, the former being predominant. Spark-ignition engines use 
gasoline, and compression-ignition engines use the heavier distilled oils, 
Some slow-speed large diesels burn residual oils, but the medium- and 
high-speed engines use a distillate or other gas oil. Engines are usually 
designed to burn specific types of fuel for best performance. The oils 
may be specified according to these properties: 

Cetane number. An index of ignition quality; indicates the ease with 
which fuel ignites when injected, and speed of combustion. 

Distillation test. Indicates wheth^ oil contains any heavy ends of the 
refining process, which generally burn poorly. 

Aniline point. A measure of paraffinicity; used in calculating the 
diesel index, which measures ignition quality. 

Conradson carbon. Indicates extent of components in oil with a 
tendency to form carbon deposits. 

Viscosity. Significant in oil-handling injection-system performance 
and in lubrication. 

Ash. Components of oils believed to cause cylinder wear. 

Water and sediment. Cause of irregular operation and engine wear and 
corrosion. 

Sulfur. Considered to be the factor causing acid-type corrosion if in 
sufficient quantity. 

Volatility. An index of ease with which a combustible fuel-air mixture^ 
can be prepared. 

Pour point. Indicates temperature at which oil flows. 
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l''lo, '22-1. Actual engine cylinder performance, (a) Normal full-throttle P-V 
(preHMiinwolume) diagram for s-i engine; note magnified detail of induction and 
('ulmuMt for four-stroke cycle, (b) P-i (pressure-time) diagram comparable to (a); 
nob' that this type of diagram is obtained by an oscilloscope, (c) General nature of 
(' 1 engine performance; absence of induction and exhaust strokes indicates a two-stroke 
ayele. Iljffocts of governing change the diagram area for operation at different loads. 
'I’IiIh elTe(!t is similar for all types of engines. 

Flash and fire point. Used mostly in relation to the fire hazards of an 

oil. 

Specific gravity. Expressed in terms of the API scale at 60 F; gives 
tt|iproxiinato indication of heating value. 

t! eating value. Measures the thermal energy in fuel. 

'I'lni ignition quality of a fuel plays an important part in smooth opera- 
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tion of a c-i engine. It controls the ease of starting an engine, but, more 
importantly, the short time available for burning the fuel means that 
it must ignite and burn quiclfly. Poor ignition quality will contribute to 
rough operation. The cetane number to measure ignition quality of a 
fuel is determined in a standard test engine. Its performance is com¬ 
pared with that of a test fuel compounded of cetane (C 16 H 34 ) and a-methyl- 
naphthalene (CnHio) in the test engine. The compression ratio of the 
engine is varied until the same ignition delay occurs for both the fuel 
under test and the test fuel. The percentage of cetane in the test fuel 
having the same ignition delay and compression ratio as the fuel under 
test is the cetane number of the fuel. 

The higher heating value (HHV) of a fuel oil may be obtained by 
calorimeter tests or calculated by 

HHV = 17,680 -h 60 X °API (22-4) 

where HHV = higher heating value, Btu per lb 
°API = gravity, °API at 60 F 

Gas fuel for i-c engines may be natural gas, blast-furnace gas or coke- 
oven gas or other industrial by-product gases, or sewage gas. Dual¬ 
fuel engines have been developed that can burn either gas or oil or both 
so that they can take advantage of fluctuating prices of these fuels. 
These engines mostly use compression ignition. 

Most natural-gas supplies have a heating value of about 1000 Btu; 
the precise value varies with the gas composition. The heating value 
is given in Btu per cubic foot at standard conditions of 60 F and 30 in. Hg 
pressure. 

22-6. Compression-ignition Engine Combustion. The c-i engine com¬ 
bustion starts by spontaneous ignition of the fuel and air because of the 
high temperature developed by the compression of the air. The fuel 
under pressures as high as 30,000 psia injects as a spray into the pres¬ 
surized air. The spray has a core of fuel oil surrounded by a turbulent 
zone of air and fuel particles. The combustion process has four distinct 
phases: (1) ignition delay, ( 2 ) uncontrolled pressure rise, (3) controlled 
pressure rise, and (4) expansion-stroke combustion. 

The ignition delay is the period from the instant when injection starts 
until the time that the fuel in the cylinder ignites. During this period 
the injected fuel rises in temperature, mixes with air, atomizes and 
vaporizes, and starts reacting with the O 2 of the air relatively slowly. 
Ignition-delay time increases with viscosity of the fuel and is affected by 
air density, engine speed, shape of combustion space, air turbulence, and 
other factors. The fuel-air mixture in the cylinder is not uniform; at 
the end of the delay period the flame appears at random points through- 
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out the mixture. The fuel in the cylinder burns rapidly to increase the 
pressure rapidly after ignition delay (Fig. 22-2). 

In the third phase of combustion the fuel, continuing to enter the 
burning gases, ignites immediately and burns. Controlling the injection 
rate in this phase controls the rate of pressure rise. Because of a non- 
homogeneous mixture of fuel and air, combustion continues as after¬ 
burning during the early part of the expansion process. These phases 
give the c-i engine card (Fig. 22-1), a variable-pressure combustion 
process. 

Spontaneous burning in a c-i engine after the ignition delay may cause 
knockingj which becomes more serious with increasing ignition delay and 



Fig. 22-2. Combustion in a c-i engine cylinder passes through several significant 
phases. 

ignition temperature. A fuel with short ignition delay, high cetane 
number, and low ignition temperature produces the least knocking. 

The diesel, gas-diesel, or dual-fuel engines are of the c-i type. The 
vaporizing oil engine ignites the fuel-air mixture by maintaining an area 
of the cylinder end hot enough for ignition. 

22-6. Spark-ignition Engine Combustion. The s-i engine uses a spark 
plug to ignite the fuel-air mixture. The flame advances best through a 
slightly rich fuel-air mixture since it is diluted by the exhaust gas that 
remains in the cylinder at the end of the exhaust stroke. The spark 
creates a flame that advances through the mixture in a spherical pattern. 

Flame-front velocity depends on mixture turbulence, incidental cooling, 
flame-front direction, and other factors. Flames advance at about 
30 ft per sec through quiescent mixtures, but this would be suitable 
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only for low-speed engines. Turbulence promotes the higher flame 

velocities needed by high-spe§d engines. , f +V,- 

The shaping of the combustion chamber and adequate velocity of the 

mixture entering through the intake 
valves during the intake stroke pro 
duce some of the turbulence needed. 
Igniting and propagating the flame 
front requires time. To develop 
maximum pressure at the start of 
the expansion stroke, the spark 
ignites the mixture before the end 
of the compression stroke (Fig. 
22-la). This is called advancing 
the spark. Figure 22-3 shows the 
effect of engine speed on spark 
advance. 

For normal nondetonating com- 
bustion the flame front spreads 
smoothly throughout the combus¬ 
tion space. It usually slows as it 
approaches the opposite walls of 
the combustion chamber. 

As the flame front advances 
through the mixture, it acts like a pistbn and compresses the unburned 
part of the mixture. The flame also transfers heat into the unburned 
mixture to raise its temperature above the compression temperature. 
This causes spontaneous ignition at one or more points in the unburned 



100° 50° TDC 50° 100° 

Fig. 22-3. To ensure maximum ^iressure 
at the start of the expansion the spark 
advance must be increased the engine 
speed increases. 



Non-Knocking Combustion 



Knocking Combustion 


Fig 22-4 Nonknocking combustion results from smooth propaption of the flamo 
front in a cylinder. Knocking combustion is caused by autoignition at several point* 
in a cylinder. (Cmirtesy of General Motors Corporation.) 


mixture and produces local high-pressure regions. This in turn cause! 
rapid pressure rises and pressure waves in the cylinder. Ihese effect! 
produce knock in the engine. Knocking produces large impacts on engine 
parts and possibly vibrates the chamber walls. 
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Flu, 22-f). Cylinder and engine cross section of typical two-stroke diesel engine. Note 
rein I io! ml lip of structural parts mentioned in Table 22-2. (Courtesy of Nordberg 
Manufacturing Co.) 

'I'ABiiE 22-2. Materials for Principal Engine Structural Parts 


HI nictural member 

Cast 

iron 

Meehanite 

iron 

Welded 

steel 

Forged 

steel 

Steel 

Aluminum 

hinlplnif^ . 

X 


X 




I''intiic . 

X 


X 




(tylimler head . .. 

X 






1 Vhmler liner. 

X 




X 


iMwbm'* .. 

X 



X 


X 

PUldti rings. 

X 






1 'itiinecting rod. 




X 



('rnnliHluift .. 


X 

X 

X 



WiiMl. pin.,.. 




X 



VuIvcH . 




X 



(^uiiNhart and cams 

X 



X 

X 



" riMluiiH commonly have cast-iron skirts and forged steel tops. 






































































































Fig. 22-6. Four-stroke diesel-engine construction. (Courtesy of Worthingion Pump and 
Machinery Corporation.) 

fuel, the higher the compression ratio at which the engine will dotoriatei 
or knock. 

22-7. Engine Structures. Table 22-2 lists the principal componoilti 
of engines and the materials of which they are made. Figures 22-5 and 
22-6 show how these parts are related in two specific engines. 
are cross sections through the cylinders of a typical two- and four-Mtr(»k| 
diesel engine. Figure 22-7 shows a typical multicylinder engine used 
stationary power generation. 

Figure 22-8 shows an opposed-piston engine that prodiujoH a high 
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Figure 22-4 shows the autoignition, or knocking, in a s-i engine. A 
hot spot at the spark plug or elsewhere in the combustion chamber 
may cause preignition before 1:he normal spark ignition. Detonation at a 
given compression ratio varies with the gasolines, timing, turbulence, 
and spark-plug location. Generally, the higher the octane rating of a 
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|M>wer output for the volume of the engine. All engines need auxiliary 
(M|uipment for: (1) fuel admission, (2) air admission, (3) ignition, (4) 
hiln-ication, and (5) governing. 

22-8. Fuel Admission. A fuel system must supply the correct amount 
oi fuel to each cylinder in advance of the power stroke, even with varying 
load. Various types of systems are available; their arrangement depends 
on type of fuel, compression ratio, method of ignition, and the number of 
Ntrokes per cycle. The fuel is either mixed with air outside the cylinder 



Cylinders 


Wpf^- ^uard rail 


Scavenging otr 
in lake mnoiiold 


Bed piafB 


Lube oH 
pump 


CoGiing wafer 
otjffei 


Cooling wafer 
supply 


I''mj 22-7. Engine-room appearance of typical diesel-type engine. (Courtesy of Fair- 
honl\t<, Morse & Co.) 


brfon^ the intake stroke, or it is forced into the cylinder toward the end 
ol compression stroke. Outside mixing systems use: 

('(irhuretor. To atomize liquid gasoline into the entering air stream 
( 111 ling the intake stroke. 

(i<ts-mixing valve. To mechanically mix the gas fuel with air entering 
during the intake stroke of the engine. 

Inside mixing systems for oil and c-i gas engines use injection devices 
Id force liquid or gas fuels into the cylinders against considerable air 
liivsHure. The injection device or system must do three things: (1) meter 
l)i(^ ji,mount of fuel to carry the load, (2) inject the fuel at the proper time, 
imd (3) spray the atomized fuel to get a uniform air-fuel mixture in the 
('vliiidiT. 

Tlien^ are two classes of injection systems: (1) mechanical-injection 
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I 



Oif 


Lower 

croo^stioft 


f 

Fuel 

injection 

pomps 


injection 

noiiies 


Exhaust 

manifold 



Fig. 22-8. Two-stroke-cycle opposed-piston diesel engine. Upper and lower drlv# 
shafts are connected by a vertical drive shaft. {Courtesy of Fairbanks, Morse 4 !' ro,) 


systems using a high-pressure pump and (2) air-injection systeiriH UNln| 
high-pressure air to carry in the fuel. Mechanical-injoction Hyntnini 
have superseded the earlier air-injection systems. 

In the air-injection system a low-pressure metering i)umj) deliverw II 
measured amount of fuel into the t;yliiid(U' hu^l nozzli^ wluui tlie iioMHli 
valve is closed. As the nozzle valvi- ofxuis, a miiltistjig(^ compi't^wNOP 
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I'K;, 22-9. Typical common rail injection systems for a diesel engine. A high-pressure 
lit'jMl<‘r is supplied by a single pump with pressure held constant by a relief valve. The 
iitnount and time of injection are set by a control wedge, which adjusts the lift of a 
nir(-lianically operated valve. {Courtesy of Power.) 



jitil.i 1 1 under ])r('ssure, and times the 
tM|( ( I ion In ihe disiribiifor blo(;k, cam- 
n|irnitr(| popjx'l, vmIvc.s Iced fuel to tlie 
I vlitnlri'H in propel' firing ordt'r I>y opening 
jiinl I iflhre injeel ion. (rV>//r/e.s-7; of Po'Wer.) 



Fig. 22-11. Typical pump- and pressure- 
operated nozzle system. The pump sys¬ 
tem meters the fuel and controls injection 
timing. The nozzle has a delivery valve 
operated by fuel-oil pressure. {Courtesy 
of Power.) 
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delivers air to tlie nozzle to inject and spray the fuel into the engine 
cyhnder. 

Mechanical-injection systetns are available in three types. (1) the 
common rail system, (2) the distributor-injection system, and (3) pump- 
aiid pressure-operated nozzle systems (Figs. 22-9 to 22-11). The last 
is the most often used. 

These systems must have pumps with close clearances between plunger 
Fuel Discharge ^nd barrel and must handle very 

small amounts of oil. The pumps 
are either (1) constant-stroke or 
(2) variable-stroke. Figure 22-12 
shows a constant-stroke pump with 
a helical indentation on the plunger 
for fuel control. Other pumps use 
spill valves controlled by the 
governor to meter the fuel. Vari¬ 
able-stroke pumps use: (1) a gover¬ 
nor-controlled wedge between cam 
and pump plunger, (2) a variable- 
displacement cam acting on the 
plunger, and (3) the varying rela¬ 
tion of plunger and pump barrel. 

Fuel nozzleSj also called spray 
valveSj receive the high-pressure oil 
from the fuel pumps and discharge 
it as a spray into the compressed 
air. Figure 22-13 shows how the 
oil pressure opens the nozzles during 
the injection period. The shapes 
of the orifice openings control the 
spray pattern, which must be 
selected to work with the combustion-chamber shape. Some engines use 
a unit injector^ a nozzle and high-pressure fuel pump combined in a single 
unit. 

22-9. Special Fuel-admission Systems. A gas engine or gas diesel 

uses an injection nozzle that receives gas fuel pressurized in a multi¬ 
stage compressor. A nozzle valve controls the gas discharge into the 
cylinder. A small amount of fuel oil, called pilot injection oil, is pumped 
into the nozzle with the gas charge, and this helps ignite the gas-air 
mixture in the cylinder. 

Dual-fed engines need two separate fuel-admission systems, one for 
gas and the other for oil. The oil may contribute anywhere from 6 to 
100 per cent of the heating energy. The smaller flow acts as pilot oil 



Fig. 22-12. Typical constant-stroke pump. 
The plunger has a helix cut into it. This 
helix controls the opening and closing of 
ports for variable fuel charges. A 
governor-controlled rack turns the plunger 
in the pump barrel. (Courtesy of Power.) 
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for ignition, while the higher flows develop part or all of the engine output. 
The gas may enter the air stream directly or through a poppet valve in 
the cylinder, depending on whether the engine is two- or four-stroke, 
22-10. Air Charging. Air enters a four-stroke engine by the aspirating 
action of the suction stroke through mechanically opened intake valves. 
Air intake may be from the atmosphere or may be delivered by an air 
pump. A pump delivers pressurized air. This is supercharging; it 



Single-Hole Nozzle Multiple-Hole Nozzle Pintle Nozzle 

Fig. 22-13. Principles of typical injection fuel-nozzle construction are the use of a fuel- 
oil pressure-actuated valve and suitable orifice openings. Single-hole nozzles have 
large openings and deliver conical jets where the combustion-chamber shape creates 
turbulence; multiple-hole nozzles give a wider spray used in open-chamber designs; 
pintle nozzles may deliver a range of spray patterns from tapered to cylindrical 
depending on pintle design. 

permits burning a larger fuel charge per cycle, yielding more work per 
cylinder because of the greater mass of air inducted into the cylinder of 
fixed dimensions. 

The exhaust stroke rids the cylinder of most of the combustion gases. 
In two-stroke cycles air under slight pressure flows into the cylinders 
through fixed port openings or mechanically controlled valves. A piston 
stroke does not aspirate the air. The slight positive pressure of the inlet 
air may be developed by a centrifugal blower, the underside of the power 
piston, or a separate pump. Figure 22-14 shows a rotary blower supply¬ 
ing air to an engine. As air enters a two-stroke cycle, it sweeps out the 
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combustion gas in the cylinder from the previous cycle. This is called 

scavenging the gases. 

22-11, Compression-ignition 
Combustion Chambers. The clear¬ 
ance volume of an engine confines 
the combustion process at the end of 
the compression stroke. The design 
of this space, called the “combustion 
chamber,” affects the efficiency and 
completeness of combustion. In 
most engines the fuel injects directly 
into the cylinder or a chamber con¬ 
nected to the cylinder. These are 
classified as: (1) open chambers, (2) 
precombustion chambers, (3) turbu¬ 
lence chambers, (4) air cells, and (5) 
energy cells. 

Figures 22-15 to 22-17 show the 
principle of operation of these designs. The open chambers use the shape 
of the piston-head inlet port and valves to create turbulence. These are 
good for low speeds. For higher speeds air cells store high-pressure air 



Fig. 22-14. Blower for air admission to 
two-stroke-cycle engine scavenges com¬ 
bustion gas as air is forced in. 



0 & ™ 
^5 Bran 



Fig. 22-15. Open-combustion-chamber designs for slow-speed engines. 



Turbulence Chamber Precombustion Chamber 

Fig. 22-16. Typical turbulence chamber and precombustion chamber for high-speed 
diesels. 
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that blows back into the cylinder to create turbulence. The energy cell 
receives air, and the fuel sprayed in burns in the cell to let the combus¬ 
tion products blow back into the cylinder and work on the piston. 

22-12. Engine Performance. Internal-combustion engine parameters 
include: piston speed, air-fuel ratio, compression ratio, spark advance, 
and inlet-air pressure and temperature. Engines use many combinations 



Aif cea 


Energy CeU 

Fig. 22-17. Typical air and energy cells for high-speed diesels. 




of these, and performance gives the power and efficiency an engine 
develops as these parameters and the load vary. Performance factors 
may be computed as 

= 2Ln (22-5) 


where Vp 
L 
n 


piston speed, ft per min (average) 
piston-stroke length, ft 
engine speed, rpm 


Vd = LAnN 


where Vd 
L 
A 
n 
N 


engine displacement volume, cu ft or cu in. 

piston stroke, ft or in. 

piston area, sq ft or sq in. 

cycles per min per cylinder 

number of cylinders 


bmep = 


hhp X 33,000 
L X A Xn 


( 22 - 6 ) 


(22-7) 
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where bmep = brake mean effective pressure, psi 

bhp = net delivered power per cylinder, hp 
n = cycles per min for one cylinder 
L = stroke length, ft 
A = piston area, sq in. 

bmep 

imep = - 

17 

where intcp — indicated mean effective pressure, psi 
= mechanical efficiency, fraction 

fmep = imep — bmep 


( 22 - 8 ) 


(22-9) 


where fmep is friction mean effective pressure. 

fhp = ihp — bhp 


where fhp is friction horsepower. 

HR = 


ws X HHV 
hp 


where HR ~ heat rate, Btu per hp-hr 
Wf = fuel used, lb per hr 
HHV = fuel heating value, Btu per lb 

hp = engine output, hp (may be ihp or bhp) 


_ 2,545 
” HR 


( 22 - 10 ) 

( 22 - 11 ) 


( 22 - 12 ), 


where m is thermal efficiency (may be based on brake horsepower or 
indicated horsepower). • 


. Wf HR 2,545 

HHV ~ mX HHV 


(22-13) 


where sfc is specific fuel consumption in pounds per horsepower-hour 
(brake horsepower or indicated horsepower). 

Figures 22-18 and 22-19 show the general shape of various performance 
factors for s-i and c-i engines. Figure 22-20 shows a performance map 
for an engine which gives complete performance in one set of curves. It 
may also be used to describe a series of similar engines. Specific engines 
vary in the exact shape of the contour lines they have on a performance 
map. All engines have a closed contour line for minimum brake specific 
fuel consumption, surrounded by others with progressively higher values. 

22-13. Engine Developments. Internal-combustion engines compete 
with utility power for many industrial uses. Engine builders have pro* 
gressively developed more efficient engines. Supercharging, started dur* 
ing World War II, was commercially applied in 1945. Four-stroke 
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diesels using an exhaust-gas supercharger or turbocharger gave about 
a 50 per cent increase in power for the same sized engine and boosted 
mep from about 80 to 120 psi. Fuel economy improved about 10 per 
cent. The four-stroke supercharged engine is standard today. In the 
last few years higher supercharging has boosted brake mep to over 
180 psi with a further reduction in specific fuel consumption. 



Engine speed 


I^G. 22-18. Performance trends for an s-i engine. These curves apply to full-open- 
throttle operation. 

About 1937 the two-stroke gas diesel was introduced, with gas injection 
at high pressure and ignition controlled by the injection of pilot oil. 
About 1946 this design appeared as a four-stroke gas diesel operating 
on the high-compression diesel cycle followed by supercharging of the 
gas unit. In 1949 the four-stroke dual-fuel engine with either atmos¬ 
pheric or supercharged intake appeared. The engine may operate on 
(iither gas or oil. About the same time the s-i high-compression super- 
(ilmrged gas engine was developed. Table 22-3 shows the approximate 
performance of the newer engines. 
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Fig. 22-20. Typical performance map for a c-i engine. This type of map appear! 
much the same when plotted for s-i engines. 
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Table 22-3. Approximate Performance Data—Compression-ignition and 
Spark-ignition Engines 


Type engine 

Fuel 

Compression 

Ignition 

Approx, full¬ 
load heat 
rate, Btu 
per bhp-hr 

Gasoline engine. 

Gasoline 

Low 

Spark 

12,000 

Gas engine. 

Natural or 
other gas 

Low 

Spark 

10,000 

Oil engine (semidiesel).. , 

Oil 

Low 

Hot spot 

9,000 

Oil engine (diesel). 

Oil 

Medium 

Spark 

7,500 

Oil engine (diesel). 

Oil 

High 

Compression 

7,200 

Gas-diesel engine. 

Mainly gas 

High 

Pilot oil 

7,200 

Dual-fuel engine (nonsu¬ 
percharged) 

Gas engine 

Gas or oil 

High 

Pilot oil and/or 
compression 

7,200 

(supercharged). 

Gas 

High 

Spark 

7,150 

Dual-fuel engine (super¬ 
charged) 

Oil engine (diesel, super¬ 

Gas or oil 

High 

Pilot oil and/or 
compression 

7,100 

charged) . 

Oil 

High 

Compression 

6,900 


About 1950 attention was given to temperature control by cooling the 
combustion air to increase power output of the engine. Air precoolers 
and aftercoolers were designed for supercharged engines. Cooling intake 
air has raised brake mep to 200 psi. In addition lower fuel consumption, 
better combustion, and improved engine life were achieved. 

During 1954 supercharging was applied to two-stroke engines; Table 
22-4 summarizes the development trends in brake mep. 


Table 22-4. Trend in Internal-combustion-engine Brake Mean 
Effective Pressure 


Year 

Four-stroke engine 
bmep, psi 

Two-stroke engine 
bmep, psi 

1940 

75-80“ 

65-68“ 

1945 

120 ’' 

70“ 

1950 

140'’ 

78“ 

1953 

160'' 

80“ 

1954 

180'’ 

87-100^ 

1956 

200 '’ 

120 *’ 


® Nonsupercharged. 
Supercharged. 
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The Supairthermal engine appeared several years ago; it uses high- 
pressure supercharging at about 15 to 20 psig. A special mechanism 
automatically controls the closfcg of the intake-air valve This permits 
expansion and cooling of the air during the suction stroke. More fuel 
may be burned with higher output per cylinder. 

Manufacturers are turning also to the V type of cylinder arrangement, 
which allows almost double the power output in a given space. Engines 
today are also designed for better cooling and lubricating systems wdh 
better materials for engine parts. Table 22-5 shows the trend in engine 

speeds. 


Table 22-5. Trend in Internal-combustion Engine Speeds 


Bore and 
stroke, in. 

1946 (avg) 
speed, rpm 

1956 (avg) 

Speed, rpm 

Piston speed, 
ft per min 

Four-stroke; 



2,080 

4X5 

2,000 

2,500 

7 X 10 

9Q0 

1,200 

2,000 

13 X IGH 

450 

600 

1,650 

16 X 22 

300 

360 

1,320 

Two-stroke; 



1,680 

5 X 5.6 


1,800 

8 M X mi 

720 

720-850 

1,260-1,488 

2nA X 31 

225 

240 

1 1,240 

20 X 40 

164 

180 

1,200 


PROBLEMS 

22-1. A 3,000-kw diesel generating unit gave the following performance values: 


Fuel rate, 1.5 bbl for 900 kwhr of 25°API fuel 
Mechanical efficiency, 82.0 per cent 
Generator efficiency, 92.0 per cent 


Calculate: 

a. Engine fuel rate 

h. Engine-generator fuel rate 

c. Indicated thermal efficiency 

d. Over-all thermal efficiency 

e. Brake thermal efficiency . 

22-2. The data of Table P-1 were obtained from the test of a single-acting four- 
stroke five-cylinder solid-injection diesel engine. The engine is rated at 700 bhp an 
250 rpm, using 30°API fuel. 
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Table P-1 


Bhp 

Thp 

Fuel flow, 
lb per hr 

Exhaust gas tem¬ 
perature, deg F 

200 

335 

128 

218 

300 

468 

159 

257 

400 

588 

190 

298 

500 

708 

216 

337 

600 

829 

261 

388 

700 

947 

302 

455 

800 

1,075 

357 

520 


Plot the following performance curves: 

a. Fuel flow 

b. Fuel rate 

c. Exhaust-gas temperature 

d. Mechanical efficiency 

e. Brake thermal efficiency 

/. Indicated thermal efficiency 

22-3. Data for a single-acting four-stroke diesel engine under test are as follows: 

Fuel rate, 24 lb per hr of 24°API fuel 

Prony brake, 42-in. arm, 280-lb gross, 25-lb tare 

Speed, 420 rpm 

Engine dimensions, 9 by 14 in. 

Calculate the brake thermal efficiency. 

22-4. A Froude hydraulic dynamometer with a constant of 2,000 is used for test¬ 
ing a 5- by 7-in. four-stroke single-acting six-cylinder diesel engine at 1,000 rpm. 
Data are as in Table P-2. 

Table P-2 


Load, 
per cent 

Dynamometer 
reading, lb 

Fuel flow, 
lb per hr 

25 

40 

9.2 

50 

80 1 

17.6 

75 

120 

25.8 

100 

160 

33.6 

110 j 

176 

37.9 


Plot the following performance curves: 

a. Specific fuel consumption 

b. Brake mep 

c. Engine displacement in cubic feet per minute per brake horsepower 

22-6. A 12- by 18-in. four-cylinder four-stroke single-acting diesel engine is rated 
at 200 bhp at 260 rpm. Fuel consumption at rated load is 0.42 lb per bhp-hr with a 
heating value of 18,920 Btu per lb. 
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Calculate: 

a. Brake mep , , , 

b. Engine displacement, cubic feet per minute per brake horsepower 

c Brake thermal efficiency . - 

22-6. A two-stroke IbVs- by 21-in. diesel engine with four cylinders is 
to deliTer 700 hp at 300 rpm with a specific fuel consumption of 0.42 lb per p- 
based on 19,050 Btu fuel. Engine is single-acting. 

Calculate: 

a. Brake thermal efficiency 
h. Brake mep 

c. Suction displacement, cubic feet per minute per brake horsepower 

d. Btu supply to cylinder per cubic feet of displacement ■ rp , , p o 

22-7. The fuel consumption of a 2,500-hp diesel engine is shown m table I'-d. 

Table P-3 


Bhp 

Fuel flow, lb per hr ! Bhp 

500 

235 2,000 

1,000 

410 2,.500 

1,500 

602 1 3,000 


Fuel flow, lb per hr 

800 

1,012 

1,290 


The load data for week days are given in Table P-4. 

Table P-4 

Average load, hp 


Time 

7 A.M.- 5 P.M. 
5 P.M.-IO P.M. 
10 P.M.- 7 A.M. 


2,460 

720 

530 


The Sunday load is 200 hp, u i 

Calculatlthe yearly fuel cost based oi.24°API fuel oil selling at $4^95 per harrol. 
22 -8. A four-cylinder 16^- by 24M-in. four-stroke diesel engine has a fuel oon- 
sumption of 0.38 lb per ihp-hr based on 18,960 Btu oil. Engine speed is 257 rpm w h 
an indicated mep of 123 psi. Jacket water carries away an estimated 22 per ceirt W 
the heat supplied. Calculate the gallons per minute based on a temperature of 80 I . 

Engine is single-acting. . _. 

22-9. Calculate the cooling water needed in gallons per minute for a diesel With 

the following performance data: 


Brake horsepower, 4,500 
Jacket loss, 23 per cent 
Water temperature rise, 60 F 
Mechanical efficiency, 83.0 per cent 
Indicated thermal efficiency, 34.0 per cent 


22-10. A 1,500 six-cylinder 23- by 28-in. 225-rpm four-stroke diesel has a fUfll 
consumption of 0.38 lb per hp-hr based on 19,000 Btu oil. A wa8te-heat-rooov«ry 
boiler recovers 35 per cent of the exhaust loss. Jacket losses are estimated at 80 pur 
cent. Estimate the quantity of 5-psig steam that can be produced in pounds per Bnlir 
if jacket water at 160 F is used for boiler feed. 
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22-11. A two-stroke six-cylinder single-acting 14- by 14-in. gas engine is rated at 
600 hp at 300 rpm. It uses natural gas with a consumption of 10,000 Btu per hp-hr. 
Calculate: 

a. Thermal efficiency 

Fuel cost per hour based on 900 Btu gas at $0.60 per 1,000 cu ft 
c. Purchased power cost in cents per kilowatthour equivalent to engine operating 
fuel cost 

22-12. Table P-5 gives an abstract of test data for a gas-engine generator in a cen¬ 
tral station. 

Table P-5 


T.fOad, per cent 



122.5 

no 

100 

75 

SO 

Kilowatts. 

1,225 

95.3 

12,750 

1,104 

95.2 

11,770 

1,003 

95.1 

11,170 

733 

94.7 

8,670 

578 

94.2 

7,680 

Generator efficiency. 

Cubic feet gas per hour. 



High heating values, 1,149 Btu per cu ft 
Engine speed, 225 rpm 

I Mot the following performance curves against engine horsepower: 

a. 10® Btu per hr 

/>. IHu per brake horsepower-hour 

r. Iltu per kilowatthour 

d. tkigine thermal efficiency 

r. Over-all thermal efficiency 
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CHAPTER 23 


INTERNAL-COMBUSTION ENGINE PLANTS 


23-1. Applications, Internal-combustion (i-c) engines of many types 
are used for stationary power generation in a wide variety of services: 
central stations, oil fields, pipelines, sewage disposal, and commercial, 
institutional, and military bases. Both compression-ignition and spark- 
ignition engines serve in steam stations to supply auxiliary power and 
in some industrial plants and institutions as emergency stand-by sources 
of energy in the event of main power-supply failure. In some smaller 
systems i-c engines work with steam units to supply the peak-load de¬ 
mands on the plant. Seasonal electric loads sometimes may be supplied 
more economically by an i-c engine plant. 

Internal-combustion engine plants need equipment to serve the engine, 
such as: 

Air-intake systems. Intake filters, ducts, and silencers 

Exhaust-gas systems. Ducts, mufflers, water heaters, steam boilers 

Fuel systems. Storage tanks, pumps, strainers, oil filters, meters, oil 
heaters, piping 

Engine cooling systems. Pumps, heat exchangers, cooling towers, spray 
ponds, water treatment, piping 

Luhe-oil systems. Pumps, tanks, relief valves, filters, coolers, purifiers, 
piping 

Engine starting systems. Battery, electric motor, mechanical air com¬ 
pressor and engine, wiring, control panel 

Electrical systems. Generators, switchgear, exciters, busses, trans¬ 
formers, auxiliary power and light 

Figure 23-1 shows some of this auxiliary equipment in schematic form. 

23-2, Air-intake Systems. Air-intake systems lead air into the engine 
cylinders through ducts or pipes and filters. The filters remove air-borne 
solids that may act as an abrasive in the engine cylinders. Filter types 
include: (1) dry, (2) oil-bath, (3) viscous-impingement, and (4) electro¬ 
static precipitator filters. 

The intake system must cause a minimum pressure loss to avoid reduc¬ 
ing engine capacity and raising specific fuel consumption. Filters must 
be cleaned periodically to prevent pressure loss from clogging. Silencers 
must be used on some systems to reduce high-velocity air noises. 
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Diesef engine 
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Fig. 23-1. The internal-combustion engine plant consists basically of the engine and related systems of 
equipment for air, exhaust, fuel, cooling lube oil, and water auxiliaries. 
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23-3. Exhaust-gas Systems. These systems lead the engine exhaust 
gas outside the building and discharge it to atmosphere. They also must 
be designed for low pressure ^loss to avoid cutting engine capacity and 
reducing efficiency. All exhaust systems need mufflers to attenuate gas- 
flow noises, which are highly objectionable. The exhaust stack usually 
stands on the muffler top. 

Where some of the exhaust enthalpy energy may be useful, it may be 
recovered in gas-to-air heat exchangers or gas-to-water exchangers or in 



waste-heat boilers for steam generation. These devices also act m 

* 

mufflers. 

23-4. Fuel Systems. Bulk storage tanks and engine day tanks holtl 
the engine fuel oil. The former receive the oil delivered to the plant and 
stand outdoors for safety. Pumps draw oil from the storage tank tO 
supply the smaller day tanks in the plant at daily or shorter intervalMj 
Large storage capacity allows purchasing fuel when prices are low. Fig¬ 
ure 23-2 shows a typical tank system. Oil may be delivered by 
600 to 5,000 gal, railroad tank cars, 6,000 to 10,000 gal, or barge and 
tanker, vnih very large capacities. 

Storage tanks aboveground must be surrounded by a dike to form A 
moat large enough to hold the tank contents if the tank should loaki 
Tanks must have: manholes for internal access and repair, fill lines tO 
receive oil, vent lines to discharge vapors, sounding connections to nioiiN- 
ure content, overflow return lines for controlling oil flow, and a Hiuititiii 
line to withdraw oil. Coils heated by hot water or steam retliico oil 
viscosity to lower pumping power needs. 
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Delivered oil sometimes holds water, dirt, metallic chips, and other 
foreign matter that must be removed by Altering or centrifuging. Much 
of this will settle out in the storage tank, especially with the lighter fuel 
oils and at higher temperatures. A light degree of contamination may be 
removed by filters, but heavier fouling requires centrifuging. 

Dip-stick measurements give quick spot checks of tank contents, but 
meters give continuous indications. Figure 23-2 shows flowmeters 
between storage and day tanks, but not between the latter and the 
engines. The return line from the injection systems would make such 
iiicters useless since they would measure the gross oil pumped to the 
injection system, but not the net amount burned by the engine. Volu- 



iqn. 23-3. Engine cooling systems are either (a) open- or single-circuit type; (b) closed 
or double circuit. 


nuitric meter readings must be corrected for oil temperature to determine 
tiu! weight of oil burned. 

23-5. Engine Cooling Systems. Most of the thermal energy supplied 
lu engines leaves the engine in thermal form: (1) as energy in the high- 
(icmperature exhaust gases and (2) as heat transferred to the jacket 
cooling water. Removing the latter heat prevents damaging the cylinder 
liners, heads, and walls and the piston and its rings. Small engines may 
Ixi air-cooled, but larger stationary engines use water circulating in 
cylinder jackets. 

(Pooling water must be controlled in temperature: when too low, the 
lube oil will not spread properly and the cylinder and piston wear; when 
i.oo high, the lube oil burns. Small-diameter cylinders have leaving 
lemperatures up to about 180 F; large-diameter cylinders use lower leav¬ 
ing f(imperatures. 

Oonstant cooling-water flow rate makes jacket-temperature rise vary 
with the load when inlet temperature stays constant. 

I'igurc 23-3 shows two types of cooling-water systems. The single- 
cii'cuit system may be subject to corrosion in the cylinder jackets because 
ol’ Mic dissolved gases in the cooling water. The double-circuit system 
liifgcly eliminates internal jacket corrosion but may have corrosion in the 
raw-water circuit of the heat exchanger. 

When large bodies of water are nearby, they may be used for jacket 
cooling in i-c engines. Most plants, however, use a spray pond, cooling 
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tower, or evaporative cooler. These can cool the water close to the wet- 
bulb temperature of the air, within about 10 to 18 F. Figure 23-4 shows 
the variety of towers used by i-c engine plants. 

Systems using cooling towers usually treat the make-up water, depend¬ 
ing on the water contaminants. They use zeolite softeners and some¬ 
times lime or the lime-soda-ash treatment. 


Natural-Draft Towers 




Fig. 23-4. Cooling towers operate basically as natural-diait or mechanical-dr&it 
towers. (Courtesy of Power.) 


23-6. Lubricating-oil Systems, The lubricating oil, or lube oil, per¬ 
forms several duties’. (1) it lubricates moving parts, (2) removes heat 
from cylinder and bearings, (3) helps piston rings to seal gases in the cylin¬ 
der, and (4) carries away solid matter from rubbing moving parts. Lube 
oils must be chosen with care and purified at intervals. 

Modern lube oils have additives to act as: oxidation inhibitors, foam- 
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reducing agents, pour-point depressants, and other agents. Dopes and 
additives may be used in oils to refresh them. 

Plant operators choose oils of the grade recommended by the engine 
builder and from reputable oil refiners, mainly from the actual perform¬ 
ance of the oil in service rather than from information based on laboratory 
tests. Using several brands with possible different additives may cause 
trouble. Oil in service becomes contaminated with dust, atmospheric 
moisture, dirt, carbon, and metallic chips. Heat causes chemical changes 
in the oil. Oil must be used as long as possible to keep costs down; 
purifying extends its life. Temperatures above 225 F shorten lube-oil 
life. 

Lube oil is purified by four methods: (1) settling, (2) centrifuging, (3) 
filtering, and (4) chemical reclaiming. Centrifuging, widely used, gives 
excellent purification when properly done. Filters are made as: (1) 
strainers, (2) absorbent filters, and (3) adsorbent filters. They effectively 
remove small amounts of impurities but are costly for large amounts. 

Chemical reclaiming uses a combination of heat and activated clay 
followed by filtering. Effective settling methods need large heated tanks; 
the clean oil is drawn from the top. 

23-7. Engine Starting Systems. Starting systems include: (1) air 
starting for medium and large-capacity stationary and mobile units, (2) 
auxiliary-engine starting for medium-capacity mobile units, and (3) elec¬ 
tric-motor starting for small high-speed gasoline and diesel engines. 

Air starting uses valve arrangements to admit pressurized air, about 
250 psi, to a few of the cylinders, making them act as reciprocating air 
motors or engines to turn over the engine shaft. Admitting fuel oil to 
the remaining engine cylinders makes the engine start under its own 
power. A gas-engine-driven compressor usually supplies air to the com¬ 
pressed-air starting tanks. 

23-8. Waste-heat Recovery. Thermal energy in exhaust gas and 
jacket-cooling water may supply heat for a variety of purposes, such as 
for heating fuel oil, for space heating, for hot water, or for generating 
process steam. Recovery arrangements include: (1) circulating air 
around the exhaust system, (2) using hot water from the engine jackets, 
and (3) using waste-heat boilers in mufflers to provide steam or hot water. 

23-9. Sewage-treatment Plant. These plants treat sewage to speed 
up the natural processes of fermentation and purification. Engines 
provide shaft power and may be of a wide variety of types. 

Larger treatment works are beginning to use trifuel engines. These 
can function as dual-fuel units. Removing plugs in the head and replac¬ 
ing them with spark plugs converts them to high-compression s-i units. 

The Bay Park sewage-treatment works of Nassau Co., N.Y., illustrates 
how power and process heat are used. Figure 23-5 shows the phases 
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of the sewage-treatment cycle and the major components. Liquid 
wastes enter the plant by gravity flow through an 84-in.-diameter trunk 
sewer. In the first treatment phase the raw sewage passes through a 
vertical, mechanically raked bar screen to remove materials damaging to 
pumps and equipment. The screened sewage flows to the suction of 
three 37-mgd pumps, one 30-mgd pump, and one 20-mgd pump. Any 
combination of these pumps forces the sewage through a venturi meter to 
the grit chamber. 

This removes the inorganic materials such as sand and cinders. This 
grit can be used for fill. The sewage flows from the grit chamber by 
gravity to the preliminary sedimentation tanks, where the heavy organic 
solids settle out after a 1-hr retention, forming a sludge blanket. Mechani¬ 
cal scraping equipment continuously removes the sludge. On the return 
trip the partly submerged scraping equipment skims the floating kitchen 
wastes and other matter. 

Sludge and skimmed material go to the digester via plunger pumps. 
Sewage flows to the aeration tanks and contacts a culture of aerobic 
organisms. Diffusers introduce fine air bubbles into this mixture. The 
air (1) mixes the culture with settled sewage, (2) prevents sedimentation 
of the solids undergoing aeration, and (3) supplies some of the oxygen 
needed by the organisms. Air consumption varies from 0.5 to 1.2 cu ft 
per gal of sewage. Power to supply this air is 60 to 70 per cent of the 
total power needs of the plant. 

After about 5 hr aeration the mixture flows into the final settling tanks 
to be retained some 2.2 hr. Solids containing helpful aerobic organisms 
settle out, and after mechanical removal they are pumped back to aeration 
tanks to mix with the incoming settled sewage. To maintain a balance 
of solids, part of the aerated mixture goes to the thickening tanks, where 
solids compact and are then pumped to the digester. 

Clear liquid overflowing from the final settling tanks is screened through 
%-in.-square openings. Chlorine disinfects the effluent that flows 
through a 2.5-mile pipe to the receiving waters. Several million gallons 
of this chlorinated sewage is used daily at the plant for cooling water in 
heat exchangers, landscape watering, foam-control sprays, etc. 

The various solids fed to the digesters undergo intensive anaerobic 
bacterial action for 20 to 30 days at 90 F. Some solids break down and 
convert to gases; others stabilize and become inoffensive. The gas, 
principally methane, is used as fuel in the dual- and trifuel engines in the 
plant. Engine jacket-water heat maintains the digester temperature. 
Solids from the digesters go to the separator to separate liquid from the 
solids which are compacted. 

The elutriation tanks water-wash the sludge to remove certain ammo- 
iiiacal compounds which interfere with filtration. The sludge is con- 
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ditioned with ferric chloride and filtered on the surface of a continuous- 
type vacuum filter. The resulting sludge cake (75 per cent moisture) 
can be used as soil conditioner or fertilizer base or for land reclamation. 

Sludge gas, about 65 per cent methane, has a high heating value (HHV) 
of 550 to 600 Btu per cu ft. In this plant the sulfur content of the gas is 
less than 1 grain per 100 cu ft. High sulfur, 20 to 200 grains, needs 
scrubbing. 

The i-c engines supply all the plant’s power needs; no utility stand-by 
service is used. Figure 23-6 shows the plant layout, using four-cycle 
turbocharged engines: 

Units No. 1, 7, and 8. Worthington Pump and Machinery Corpora¬ 
tion—6-cylinder, 4-cycle, supercharged, heavy-duty, trifuel, 1,316 bhp at 
360 rpm, 16 by 20 in., piston speed 1,200 ft per min, 120 psi brake mep, 
equipped with intercoolers for air from superchargers; engines drive 
900-kw 40°C-rise generators. Intercoolers plus 40°C-rise generators 
increase unit capacity 15 per cent. 

Lnit No. 2. Worthington Pump and Machinery Corporation— 
7-cylinder, 4-cycle, 720 bhp at 514 rpm, dual-fuel, direct-connected to 
625-kva 500-kw 0.8-power-factor a-c generator with a 7.5-kw 125-volt 
direct-connected exciter. 

Unit No. 3. Worthington Pump and Machinery Corporation— 
6-cylinder, 4-cycle, 720 bhp at 360 rpm, direct-connected to 625-kva 
500-kw 0.8-power-factor a-c generator with a 15-kw 125-volt, 1,150-rpm 
multi-V belt-driven exciter, connected by a special flexible coupling to a 
32- by 35J4-in. blower with a capacity of 16,000 cfm. 

Unit No. 4 (located in another building). Worthington Pump and 
Machinery Corporation—6-cylinder, 4-cycle, 615 hp at 514 rpm, direct- 
connected to 500-kva 400-kw 0.8-power-factor a-c generator with a 
7.5-kw 125-volt direct-connected exciter. 

Units No. 5 and 6. Worthington Pump and Machinery Corporation— 
5-cylinder, 4-cycle, 400 bhp at 400 rpm, direct-connected through flexible 
coupling to a 26- by 27^-in. blower with a capacity of 8,500 cfm at 
360 rpm. 

All engines have waste-heat boilers in their exhaust systems. The 
boilers on Units No. 1, 7, and 8 develop 15 psi steam for building and 
tunnel heating. The lubrication system uses straight mineral napthenic- 
base oil. Older engines use fuller’s earth bypass filters; the newer ones 
use full flow. A portable centrifuge quickly cleans lube oil in each 
crankcase. Weekly oil samples check conditioning needs. 

Table 23-1 gives the principal statistics for the plant. 

23-10. Internal-combustion Engine in Steam Plant. In these arrange¬ 
ments the i-c engine is not a main unit but usually an emergency stand-by 
or peak-load generator. Diesel Power in the February, 1957, issue 
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describes a dual-fuel engine in the Woodstock, Ill., Municipal Steam 
Plant. 

'I'lie plant has no tie with another utility system and uses the i-c engine 
for emergencv stand-by. The engine is a Nordberg Supairtherinal dual¬ 
fuel engine rated at 3,660 bhp at 514 rpm. It works with three steam- 
turbine generators, totaling 14 mw capacity. 

The engine originally intended for stand-by service can be put on the 
line in a few minutes and can supply the total residential load. Stand-by 
turbines take 1 to 2 hr to place in service. The new unit can also be 
started quickly to meet unexpected peak loads. When natural gas is 


Table 23-1. Approximate Plant Data of Bay Park 
Sewage-treatment Works 


Plant Hern 


Value 


Sewage treated, mgd; 

Present. ... 

Proposed.. 

Population served: 

Present... 

Proposed. .. .. 

Original plant cost (total).. ........ 

Power-plant equipment. . . . 

Total power produced, adjusted for engine-driven blower: 

Present. . . - . -. .. 

Proposed. . . 

Maximum demand, kw (proposed).- 

Sewage-sludge gas, cu ft per year (present). 

Fuel oil, gal per year (present). 


27 

60 

275,000 
600,000 
$7,450,000 
S 600,000 

8 .4 X 10^ kwhr per year 
17.2 X 10® kwhr per year 
3,160 
90 X 10® 

220,000 


burned in the summer, its thermal efficiency warrants running it on base 
load, since dump-gas rates are low in cost. 

23-11. Internal-combustion-engine Municipal Plant. Internal-com¬ 
bustion engines are widely used in small municipal power plants. The 
plant in Cushing, Okla., is typical; it serves a load made up of rebneries, 
oil and gas companies, oil-well servicing companies, oil drillers, meat¬ 
packing plants, the retail business district, and a domestic load of 12,000 
population. The Cushing Plant installed its first three 7.50-hp McIntosh 
& Seymour diesels in 1035, an l,170-hp McIntosh & Seymour engine in 
1930, and a 1,420-hp Fulton engine in 1048. In recent years association 
wdth a utility system helped to meet a growing load. 

In 1956 the plant was expanded by: (1) adding a 16-cylinder turbo¬ 
charged Cooper Bessemer dual-fuel uuit rated at 3,560 hp at 327 rpm and 
driving a 2,500-kw generator; (2) building a plant addition and installing 
Iwo Iffiirbanks .Morse dual-fuel engines, eaeh of 10 cylinders, 18-m. bore, 
and 27-ill. stroke and rated at 3,,500 hp at 277 riun driving a 2,500-kw 




Fig. 23-7. New section of the Cushing Municipal Power Plant houses two 3,500-hp 
Fairbanks Morse dual-fuel units, major part of an expansion program that tripled 
capacity of the plant. The view shows the Maxim exhaust silencers and American 
air filters. (Courtesy of Fairbanks, Morse & Co.) 


I'hf). 23-S. Looking from the new section into the old section of the Cushing Plant, one 
secB t!ie eiglit duiU-fu(4 di(is(0s with total capacity of 15,400 kw. The two 3,500-hp 
unitM in th(i for(!ground are in th(‘ m^w section, {(^onrtesy of FairhanJes, Morse Co,) 
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Fairbanks Morse alternator. Figure 23-7 shows the extension and 
Fig. 23-8 the engineSj looking from the new into the old section. 

The fuel economy of the Aew engines has reduced the costs of power 
generation from 3.53 to 2.41 mills per kilowatthour. Table 23-2 shows 
the acceptance tests of the three new units. 

Table 23-2. Acceptance-test Results, Cushing, Okla. 


Unit No. 

% load 

Fuel consumption, 

Btu per kwhr 

Fuel cost, 
mills per kwhr 

Pilot 

Gas 

Total 

Pilot 

Gas 

Total 

F-M 7 

100 

553 

8203 

8,756 

0.31 

1.72 

2.03 

F-M 7 

75 

641 

§484 

9,125 

0.35 

1.77 

2.12 

F-M 7 

50 

943 

9508 

10,451 

0.52 

1.99 

2.51 

F-M 8 

100 

536 

8184 

8,720 

0.30 

1.71 

2.01 

F-M 8 

75 

656 

8417 

9,073 

0.36 

1.76 

2.12 

F-M 8 

50 

969 

9142 

10,111 

0,50 

1.91 

2.41 

C-B 1 

100 

807 

8276 

9,0S3 

0.46 

1.73 

2.19 

C-B 1 

75 

1091 

8131 

9,222 

0.62 

1.70 

2.32 

C-B 1 

50 

1545 

8369 

9,914 

0.88 

1.75 

2.63 
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CHAPTER 24 


GAS TURBINES 


24-1. Basic Principles. The basic arrangements of gas-turbine engines 
were reviewed in Secs. 3-10 to 3-15. Now let us study the basic elements 
of a gas-turbine plant. Figure 24-1 shows the essential components 
of a single-shaft simple open-cycle gas turbine. It has a gas turbine on 
the right coupled to a rotary-type air coni'pressor. The gas turbine 



Fae^ nozzle 


Air in Exhaust 

Fig. 24-1. Simple-cycle gas-turbine engine him compressor take in air, pressurize it, 
and discharge it to combustor. Heated gas-air mixture leaves combustor, enters 
turbine, and does work on blades moimled on rotor. Rotor drives botli compressor 
and load connected to coupling. Heated exhaust gas discharges from turbine outlet 
up stack. 


i 

L ood 
coupling 


drives the compressor and any load, such as a generator, fan, or pump, 
connected at the load coupling. 

Atmospheric air enters the compressor inlet from below. Moving 
blades mounted on the rotor force the air between the stationary blades 
to raise its pressure and temperature. The pressurized air leaves the 
compressor to enter the conihustor. Part of the air enters the combustor 
liner j or basket^ to mix and burn with the fuel. The remainder of the 
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air enters the combustor liner through openings farther downstream to 
mix with and cool the combustion products. 

The 3000-F combustion gases must be cooled by the excess air to a 
level that will not destroy the turbine first-row buckets by exceeding their 
allowable stresses, which are limited by high temperatures. Gas tem¬ 
perature entering the turbine ranges from 1200 to 1500 F. 

As the hot pressurized gas expands through the turbine stages, it 
develops the motive force for turning the turbine rotor. The same 
principles work in the gas-turbine stages as in the steam-turbine stages 



Fig. 24-2. Simpld-cynle gas turbine mounts on eommon berjplate ^vith gas 

^■ompressor it drives as load. Left to right, gas compressor, reduction gear, air- 
compressor inlet, compreaswjr casing, combustor easing (conical section), gas turbine 
inside exhaust hood, front hearing and reduction gear, starting motor, control and 
lubricating gear. {Vouriesy of iVe^^tinffhonse Ekdric f^orporation.) 

(Secs. 12-1 to 12-6). As the gas leaves the turbine exhaust, its pressure 
has dropped to atmospheric and its temperature will be in the range of 
900 to 1100 F. 

24-2. Small Gas Turbine. Figure 24-2 shows a 3,000-hp gas-turbine 
engine mounted on a common bedplate with its load, a centrifugal gas 
compressor. Instead of the compressor, this unit could also drive a 
2,250-kw a-c generator. From left to right we see the load (gas com¬ 
pressor), reducing gear, air-compressor inlet, air-compressor casing, 
combustor casing (cone-shaped section), gas-turbine inside exhaust hood, 
starting-gear casing, and lubricating and control gear. This unit is com¬ 
pletely assembled: on arrival at the operating site the inlet and outlet 
of the gas compressor, the inlet of the air compressor, the fuel-supply line, 
and the turbine exhaust need only be connected and the unit will be 
ready to run. 

Figure 24-3 shows a cross section through the compressor, combustor, 
and turbine. The shaft assembly is carried by two bearings, one inside 
the compressor inlet, left, and the other within the turbine exhaust hood. 
A segmental type of thrust bearing to the left of the compressor journal 
bearing takes up the unbalanced axial thrust of the compressor-turbine 
combination. The reduction-gear case rigidly supports the compressor 
case, which supports the compressor bearing. Vertical trunnion supports 
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carry the turbine end and bend to allow for thermal expansion. An 
oil pump pressure-lubricates all bearings of the unit. 

Air enters the compressor inlet from above and turns horizontally to 
the right to flow through the 14-stage axial-flow compressor. At full¬ 
load speed of 8,500 rpm the compressor raises 50 lb per sec of air through 
a pressure ratio of 5:1. The compressor blades have air-foil sections 
similar to that used in aircraft propellers. The moving blades accelerate 
the air flow by increasing its kinetic energy; the following stationary 



Fi^j. 24-:L SimpJe-cyclo giiii-tuibirie engine. Lt4l io riglil, inlet, 

i4-stagi^ axial-flow one of tiix iiumbiistor bai^kets in combuator easing 

(fuel nozzle at left), 4-Htage gas turbine, turning vanes for turliine exlianst, 
hood. Entire rotor assembly carried by journal bearing inside eompressfir inlet tuul 
journal bearing inside tiirliine exhaust lioml. Thrust hearing to left of journal bearing 
at compressor, Xort^ue tube eouples f^ompressor and built-up turbine rotors. ((Jout- 
tesy of Westingkouse EUctric Corporation.) 

blades act as diffusers to slow the airspeed, with concurrent pressure 
rise. 

From the last stage of the compressor the air flows through a diffusing 
section and then makes about a 150° turn into the combustor casing. 
Some of the air enters the fuel-nozzle end (left end) of the six combustors 
to mix with the gas or atomized-oil fuel and burn. The remainder of 
the air enters the combustor baskets through the holes and annular 
openings to mix with and cool the combustion products. The combustor 
baskets receive the air so that it blankets the basket metal and protects 
it from the hot flame; this is called film cooling. 

The mixed air and combustion products leave the right ends of the 
six combustor baskets to enter the four-stage reaction turbine at about 
1400 F. From the last stage the turbine exhaust gas leaves with a 
temperature of the order of 900 to 1000 F to enter the guide vanes and 
































476 


internal-combustion plants 


be turned upward with minimum turbulence. The gases at slightly 
more than atmospheric pressure leave through an exhaust stack from 

^*^TW^deJgn”eliminates all high-pressure air seals and hearings adjacent 
to hot-metal parts of the turbine and combustors, pooling air from the 
compressor exhaust enters the torque tube (hollow shaft) through open¬ 
ings (not shown) and flows through it to the turbme disks. This air 
divides so that part flows over the faces of each disk to "leet the ho 
gas flow. This film of air cools the turbine disks and the blade roots, 

insiilatina them from the main hot-gas flow. 

Unheated air from the combustor casing also flows through the space 
between the turbine casing and the stationary blading diaphragms. 1 - 

cools the diaphragms, diaphragm-retaining rings, and the ^o 

allow using normal ferritic materials. The entire casing is surrounded 
by the turbine exhaust hood to minimize thermal stresses from tempera- 

*^24-3^ Contri and Auxiliaries. Gas-turbine engines need additional 
equipment to serve the main components; these include: starting motor 
o? engine, motor-driven auxiliary lube pump, starting step-up gear, fuel- 
control system, oil coolers'and filters, inlet and exhaust silencers, a 

“The’starbng motor or engine drives the gas turbine and compressor 
through a clutch and step-up gear. During starting, stored 
air expands the clutch member until it grips a clutch drum on the step-iq 
gear. The starting motor then accelerates the gas turbine and 
sor to about 600 rpm for the unit in Fig. 24-2. Holding t is spec 
5 min assures purging the entire air-^as flow system of any unburned fuel. 
X accolcralmg the ,p<.ed.» about 4,000 rpm, fuel eute.a the combustor 

baskets and an eleetrie spark In alternate f ' 

tubing between baskets assures fuel ignition in alb The smarting mo ^ 
continues accelerating the turbine to about 5,800 rpm, , 

down and the clutch automatically disconnects. Feeding m additiona 

fuel brings the turbine up to rated speed. j - t^,. 

The starting step-up gear also acts as the reduction-gear 
the lubricating-oil-pump-govemor impeller and overspeed rip. _ ^ 
engine-driven lubricating-oil pump supplies high-pressure oil to the 
hydraulic control system and low-pressure lubricating ml for the ga 
turbine, gears, and driven apparatus. A separate motor-driven pump 
usually acts as stand-by if the main pump should fail. 

For generator drive the fuel feed is made respousi^ce to the speed 
governor. A drop in speed (increasing load) opens the fuel ^al o 
Ltore speed to normal. A rise in speed (dropping load) closes tin 
valves to lower the I'ate of fuel feed and restore speed. 


GAS TURBINES 


477 


Thermal switches at the turbine exhaust act on the fuel controls to 
limit exhaust-gas temperature to a preset maximum. Lubricating 
failure also shuts down the unit automatically. 

24-4. Large Gas Turbine. Figure 24-4 shows a 21,800-kw single-shaft 
simple open-cycle gas turbine. It has a 15-stage axial-flow compressor 
that compresses about 340 lb per sec of atmospheric air from 15 psia to 
about 90 psia. The air flow divides equally through 16 combustors 
arranged in an annular casing about the main shaft. The natural-gas 
or oil fuel raises the air temperature from about 500 F to 1450 F, using 



Fig. 24-4. SimpLe-cycle single-shaft 2lj800-kw gas-turbine engine. Left to right, 
compressor inlet^ 15-atage axial-flow compressor, 1 of 16 combustor liners, 2-stage gas 
turbinej diflusing annulus, turning vanes, turbine exhaust hood. Two journal bear¬ 
ings carry rotor assembly with torque tube carrying load coupling at right. {Courtesy 
of General ElGCtric Company.) 

about 20 per cent of the oxygen in the air. In the 2-stage impulse turbine 
the hot gas drops to about 850 F and 15 psia before exhausting through 
the hood to the stack. 

The turbine and compressor turn at 3,600 rpm and couple directly to 
an a-c generator. About two-thirds of the mechanical power developed 
by the turbine drives the compressor. This unit also bleeds air from 
the compressor to cool the turbine disks and blades. 

24-6, Regenerative Gas Turbine. Figure 24-5 shows the 3,500-kw 
regenerative gas-turbine unit of the Texas Power & Light Co. This uses 
the cycle described in Sec. 3-11; it improves the thermal efficiency by 
allowing the compressed air to recover some of the energy in the turbine 
exhaust gas. This preheating reduces the amount of fuel that must be 
burned to bring the gas up to rated turbine-inlet temperature. 

Figure 24-5 shows the layout of the unit with its regenerator, which 
stands outdoors. All connections between the turbine-compressor unit 
and the shell-and-tube regenerator run under the operating floor. The 
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The exhaust duct and stack must also be sized to minimize pressure 
drop because this loss raises the turbine-exhaust pressure and reduces 
turbine capacity and efficiency/ Exhaust gas from the stack must not 
be allowed to recirculate to the compressor intake; this can be minimized 
by increasing stack-gas velocity at the expense of increased pressure lose 
or increasing stack height, which also raises pressure loss. If there is a 
prevailing wind, the stack should be placed downwind of the compressor 
intake. The designer must strike an economic balance between capacity 
loss and increased investment in larger ducting. 

Ducts should be supported from the floor to reduce vibration. They 
should be stiff enough to resist vibration caused by air and gas flows. 
Their connection to the turbine and compressor must not put excessive 
twisting forces on the flanges. Expansion joints in ducts allow for 
dimensional changes caused by temperature variation. 

On inlet ducts acoustical insulation lessens noise from vibration. Tum^ 
ing vanes in elbows reduce pressure loss from vortices in the flowing gas* 
Manholes give means of cleaning and inspecting the duct interior, 
Expansion joints and gaskets are usually of synthetic rubber. 

Exhaust ducts must withstand temperatures of about 900 F from 
simple-cycle turbines and about 600 F from regenerative turbines. A 
50-ft duct may expand as much as 3 in. from cold and should be spring- 
mounted to maintain alignment. Expansion joints may be made of 
glass cloth backed with rock wool for simple-cycle units. For regenera¬ 
tive units or a unit exhausting into a waste-heat boiler metal expansion 
joints are used. Rock wool with an outer plastic coating usually servei 
as heat insulation on ducts. 

Filters of various types are used on air compressor inlets. The viscoul 
types use a filtering material dipped in oil that catches air-borne particle! 
as they pass through. The dry-type filters use glass fibers as the trapping 
agent. Either type may be made automatic. The viscous type has an 
endless curtain of filter material passing through an oil bath for cleaning. 
The dry type is a long curtain that feeds from a clean-supply roll and 
takes up on a discard spool. Designers recommend sizing filters to 
limit air velocity through them to 400 ft per min. This gives a pressuro 
drop of 0.5 to 0.75 in. wg. Dry-type filters have an efficiency of about 
85 per cent, and the viscous type of about 92 per cent. Filters must bo 
housed and louvered for weather protection. 

Silencers attenuate noise projected from air intakes and turbine outlet 
to the plant surroundings. Inlet silencers consist of acoustic bafflfl 
of sound-absorbing material. Air velocities through them should not 
exceed 75 ft per sec. Exhaust silencers on simple-cycle units have 
straight-through flow past an X formed by acoustic panels which oonsllt 
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of fibrous material enclosed in perforated steel plates. Exhaust-gas 
velocity runs about 200 ft per sec. Regenerative units and those exhaust¬ 
ing to heat-recovery boilers usually do not need silencers. 

24-7. Cooling. Most gas turbines use air from the compressor to 
cool internal parts exposed to maximum temperatures. Water usually 
proves most convenient for cooling lubricating oil and the electric gen¬ 
erator's hydrogen. About 500 to 800 gpm at 95 F will be needed, 
depending on unit rating. 

Figure 3-17 shows the improved turbine performance with cooler com¬ 
pressor-intake air. Air may be cooled by evaporating water in direct 
contact with it in an evaporative cooler or air washer. The cooler sprays 
water into the air after it has passed the filter; mist extractor pads at the 
(cooler outlet prevent moisture carry-over. Coolers reduce inlet tem¬ 
peratures to about 70 or 80 per cent of ambient with a concurrent rise in 
humidity. Pressure drop through a cooler is about 0.4 in. wg. Make-up 
water for the cooler ranges from about 3 to 10 gpm. 

24-8. Gas-turbine Fuels. Present-day gas-turbine units burn natural 
gas, blast-furnace gas, distillate oils, and Bunker C oils (residual oil). 
.Development work of many years has striven to design pulverizers, coal 
pumps, and low-pressure-loss ash separators that will enable a gas turbine 
to burn coal. The primary problem centers on reducing fly ash in the 
gas leaving the combustor to a level that will not erode the turbine 
blading. While encouraging progress has been made, at this writing 
no commercially successful system has been developed. 

(5as pressure must be raised to about 150 psig to ensure proper injec¬ 
tion into the combustors. With a pressure ratio of 6:1 combustor 
pfoHsure runs about 90 psia. Gas pressure must be higher than this 
to establish good combustion conditions. 

Storage and day tanks, transfer pumps, connecting piping, and injec¬ 
tion pumps must be used to burn oil. Storage tanks usually hold at 
l(‘aHt a 2 weeks' supply. Gas turbines can burn either gas or oil in the 
Htime unit. Fuels may be transferred under load, burning both while 
elianging over. Such units must have parallel systems for each fuel, 
but the nozzles in the combustor can burn either or both together. 

M ochanical atomizing nozzles may be used for the oils, but air atomiz- 
Ing nozzles are recommended for units making long runs. 

R(isidual oils usually contain sodium, vanadium, and calcium as part 
ol' tlio ash constituent. Sodium corrodes hot metals and builds up hard 
deposits that choke gas passages in the blading. Vanadium corrodes hot- 
lindiil blading at a high rate. To burn residual oils successfully, they 
must meet the following specifications: 

I. The sodium content in ash must be no greater than 30 per cent of 
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the vanadium content. The maximum sodium content should not 
exceed 10 ppm, and 5 ppm is (ireferable. With less than 5 ppm sodium, 

the ratio of sodium to vanadium is not critical. 

2. The magnesium in ash must be at least three times the vanadium. 

This is not critical when vanadium is less than 2 ppm. , . 

3 . Calcium should be 10 ppm or lower. Up to 20 ppm can be tolerated 

fit the exnense of higher turbine-nozzle plugging. 

4 should uot exceed 5 ppm; it nullifies the inhibiting act.on „t 

magnesium on vanadium. , -j. -j-v. nnp 

Residual oil may be treated by heating it, then mixing it ^th 5 per 
cent of water. Two centrifuges in series receive the mixture to remuv# 
the water that takes with it most of the sodium originally m the mb 
Just before burning the washed oil, magnesium m the form of epsom Halt 
is mixed with it to inhibit the corrosive action of the vanadium, iho 
treatment costs about 0.3 cent per gallon or about 2 cents per million BtU, 
Since residual oils must first be heated to make them fluid, they would 
nlug up fuel-feed lines and combustor nozzles when a gas turbine is shut 
Sown and allowed to cool off. To prevent this, distillate oils mus .M 
be circulated through the fuel system about 5 to 10 mm J 

down This flushes all residual oil from the system. Because d'Btil utK 
oils ignite more easily, they are used to bring up a unit from cold bofor.. 

feeding residual-oil fuel to carry load. 

24-9. Combination Gas-turbine Cycles. Gas turbines offer sevoriil 
advantages for different types of service; peak load emergency by, 

end-of-transmission-line stand-by, base load, hydro-station ^tand-t ^ 
In some of these services the quick-starting ability makes the 
plant desirable. In others the lack of cooling water will not hampW t 
gas turbine while ruling out a steam-turbine plant. Where fuel U 
relatively cheap oil or gas, a gas-turbine plant often offers better ove^ll 
economy for carrying the base load, especially the regenerative, niter- 
cooled, and reheat cycles. 

The complete versatility of the gas turbine appears when combine 
with a steam-plant cycle. Gas-turbine exhaust-gas , 

about 850 to 1000 F and contain about 16 per cent oxygen p 
with 21 per cent in atmospheric air. A simple-cycle gas-tur me p m 
wastes this energy to atmosphere, while a regenerative ga^turbme pU 1 
recovers much of this heat to raise over-all thermal efficiency. Bill 
instead we can use the gas-turbine exhaust as a heat source for a httuiiti 

plant cycle (Fig. 24-7). i i in 

In Fig 24-7a the turbine exhaust passes through a heat oxchangW n 

heat feedwater for a boiler. This application of a gas turbnH| t,o a utlb y 
system at the Belle Isle Station of the Oklahoma Gas & I'dectnc Oo. W • 
the first to be made in the United States. The steam bmlci'H did lint 
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Steam 



{a) Feedwo+er heating 



Economizer- 


Compressor 


To sfack 


\combusfors 


Suppfe^ 
menfary 
1 fuei 


Steam furbine- 
generotor 


Steam 

generator 


A/r i/t 


Gas-turbine 
exhaust 


Condenser 


Feedwater system 


(b) Heat recovery boiler 



(c*) Superchorged-furnace boiler 

I-’ m. 24-7 Comhimition gas-turbine-steam-turbine cycles offer high-efficiency plants 
which salvage a large part of turbine exhaust enthalpy, (a) Gas-turbine exhaust 
hifats feedwater in conjrmetiou with or alternate to bleed-steam heaters; (b) gaa- 
nrlune exhaust functions as com bust jon air for steam boiler or gives up its enthalpy 
waste-heat boiler; (<■) boikT witb supercharged furnace acts as combustor for gas- 
ruj biric engine, and economiiier salvages part of turbine exhaust enthalpy. 
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have enough capacity to develop the full capability of the turbines. By 
installing two gas turbines aiyi using the exhaust to heat feedwater, the 
bleed-steam heaters fed by the turbine could be shut down. This mado 
the full steam-turbine throttle flow expand to the condenser and generate 
maximum possible kilowatts. In addition there was a slight increase in 
over-all plant thermal efficiency, because the gas-inlet temperature to the j 
turbine was 1450 F, compared with the conventional 900 F at the steam 
turbine. 


Table 24-1. Comparison of Conventional and Supercharged Boiler Cyclm 
Steam cycle: 1,250 psig, 950 F, 1.5 in. Hg, oil-fired 


' 

Conven¬ 

tional 

steam cycle 

Combined 

cycles 

Combined 
cycle im- 
provemeatf 
% 

Net output, kw. 

Steam turbine kw . 

44,570 

46,450 

44,570 

40,160 


Crtis 't.iiT'hiTip kw . 

0 

5,700 


H+oam crpTiprfltion lb ner hr . 

382,000 

319,400 


HpnaPT* flnw lb nPT hr ■ . 

275,190 

248,300 


HPTiQP’T VlPflti rPlPntjIOTl Btu DGT 1 d. 

921.2 

919.7 


flow lb Der hr .. 

401,500 

377,000 


Stack temperature, °F . 

300 

300 


Losses: 

Station auxiliaries kw . 

■ 1,880 

1,290 

0.4 

IMechanical and electrical loss, kw.. . . 

1,030 

9.4 

1,290 

-0.2 

Boiler radiation 10® Btu per hr. 

4.3 

1.1 

Condenser loss 10® Btu per hr. 

253.5 

228.4 

5.4 

Tlrv <?tnck loss 10® Btu oer hr .• 

22.3 

21 

0.3 

Stack moisture loss 10® Btu per hr. 

21.7 

20 

0.4 

Total over-all plant improvement, % . . . 

T^'iipl firprl lb npr hr . 

25,480 

23,600 

7.4 

T’n-f-fll hpnt rplensp 10® Btu Der hr . 

467.6 

1 433.1 

7.4 

J-LILcLl A j x\J ^'-'x ... 

1 



Figure 24-76 shows a combined cycle using the gas-turbine exhaust iiM 
preheated “air'^ to the steam generator. The hot 16-per-cent-02 gnn 
contains enough oxygen to support combustion. By making the 8t<!ain 
generator large enough and feeding supplementary fuel to its furnace tllO 
steam turbine will generate about five times the kilowatts produced by 
the gas turbine. Improvement of about 5 per cent in over-all plant heat 
rate can be realized. 

Without supplementary fuel firing the boiler could be a waste-Iicat 
boiler and with a smaller steam turbine simply improve the efficiency and 
expand the capacity of the over-all plant. This cycle has been used III 
several industrial plants and at least one central station. 
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Considerable study has been made of the cycle in Fig. 24-7c. Here 
the combustors of the gas-turbine unit are replaced by a steam generator 
having a supercharged furnace, and the gas-turbine exhaust heats the 
feedwater before it enters the boiler. Because of the 70 psig furnace 
pressure much less surface is needed to transfer a given amount of heat 
to the steam and water in the boiler and superheater. Where conven¬ 
tional boilers transfer heat at the rate of about 85,000 Btu per hr-sq ft, 
the supercharged boiler can work at about 200,000 Btu per hr-sq ft 
and with development might be stepped up to about 450,000 Btu. This 



Km. 24-8. Combined gas-turbine-steam-turbine plant works with superior efficiency 
(tiMiipitred with conventional steam-turbine plant. 

Iiliriiiks the over-all size of the steam generator, with marked reduction in 
IlivcHtment. The cycle also eliminates forced-draft (f-d) and induced- 
draft (i-d) fans, with their power consumption. 

John W. Mann, Jr.,* found the following comparison for a 45-mw plant, 
HH ill J^ible 24-1 : Over-all heat-rate improvement for the combined cycle 
nninpared with an equal-capacity steam plant was 7.4 per cent. The 
115(1-k heat addition to the gas turbine lifted cycle efficiency compared 
wllh the 950-F all-steam cycle. The table shows that the steam-turbine 
Heneriitiis about 85 per cent of the total output. Inlet steam flow, con- 
dcMHer flow, and gas flow at the stack are in about the same ratio. Reduc- 
lloii in the steam flow to the condenser makes the largest saving. The 
Inwei' Htack-gas flow reduces the stack loss in the combined plant. The 
driving in auxiliary power to boiler fans is slightly offset by the loss in 
giiH tu rbine generator reduction gear. 

•Jelin W. Miinn, Jr., Thermodynamic Performance and Design of Steam-Gas 
'I'lirhiiin l*owor Plants, Proceedings of the American Power Conference, vol. 18, pp. 299- 

HIH). 1950. 
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Other estimates show that the investment for the gas-turbine unit 
and supercharged boiler roughly equals the cost for a conventional steam 
generator with its fans whic£ are replaced in this cycle. So it appears 
that this more efficient cycle can be installed at no more than conventional 
over-all plant investment. At this writing no plans for an actual plant 
have been announced. 

Figure 24-8 shows how the heat rate of a combined plant varies with 
load and compares it with an equal-sized steam plant. At about 30 per 
cent of rated capacity the heat rates of both plants are equal, but for 
higher outputs the combination plant proves superior. In this study the 
compressor raises 355,000 lb per hr air through a 6:1 pressure ratiq. 
Turbine inlet temperature is maintained at 1450 F. Fuels at present 
are limited to gas and oil until some means of removing ash from furnace 
gas will allow burning coal. 
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CHAPTER 25 


WATER POWER AND HYDRAULIC STRUCTURES 


26-1. Water Power. Rain falling upon the earth^s surface has poten¬ 
tial energy relatiye to the oceans toivard which it flows. This energy 
can be converted to shaft work where the water drops through an appreci¬ 
able vertical distance. Such a site develops powers 



where Q = rate of water flow, cfs 

h = height of fall or head, ft 

17 = efficiency of conversion of potential energy to shaft work, 
fraction 

The efficiency of well-designed plants may approach 90 per cent. The 
equation shows that the power developed depends on quantity and head 
of water. 

The usual hydraulic plant need be concerned only with the water flow 
from its immediate point of origin above the plant site to its point of 
discharge from the site. The energy derived from falling water is a very 
small process in the gigantic heat-power cycle, technically called the 
hydrological, or rain-evaporation, cycle. 

The energy input to this cycle, in the form of solar radiation, evaporates 
vapor from the surfaces of water bodies covering the earth's surface. 
The vapor molecules absorb this energy in the kinetic form, giving them 
the ability to rise and do work against the force of gravity. Depending 
on complex meteorological conditions, the vapor molecules form clouds 
as they condense and give up energy. Further rejection of energy makes 
them precipitate in the form of rain, snow, hail, or sleet. The mechanical 
energy involved in the rising and falling of the vapor and precipitation is 
many times larger than that available at any earth-bound waterfall. 
Despite the enormous circulation of energy no practical means of using 
it has been devised beyond the present-day hydraulic plant. 

26-2* Hydrological Cycle. Cooling our atmosphere of air and water 
vapor makes some of the vapor condense and fall as rain, hail, snow, or 
sleet. When this precipitation falls on hills and mountains and converges 
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to form streams, we can possibly use it for power generation. No two 
geographical regions have identical precipitation experiences; this makes 
each proposed site for a h/draulic plant a unique problem. Usually 
coastal regions or regions adjacent to large bodies of water have greater 
amounts of rainfall than inland regions. Precipitation generally increases 
with altitude on the coastal side of mountain ranges up to the limit of 
cloud elevation. 

Intensity of rainfall, season, and topography largely determine the 
usefulness of rainfall for power purposes. Light falls aid the growth of 
vegetation but do not contribute to stream flow. When total monthly 
precipitation concentrates in one or more storms, the runoff will increase 
greatly though vegetation may suffer. Extensive observations show that 
relatively small proportions of rainfall can be used for power purposes. 
Distribution or disposal of precipitation may be classified as: (1) direct 
evaporation, (2) absorption and transpiration by vegetation, (3) seepage 
and storage, and (4) direct surface runoff, eventually forming rivers. 

1 . A significant part of the rainfall never reaches the soil but clings 
to the surface of vegetation and reevaporates to the atmosphere. The 
major part of precipitation on land areas does reach the soil and quickly 
reevaporates to the atmosphere. The evaporation from the surfaces of 
ponds, lakes, and swamps is very large; in fact most of the water so 
stored usually disappears by evaporation rather than by seepage or runoff. 

Although the rate of evaporation varies erratically, it follows a general 
cycle corresponding to the four seasons of the year. Variations depend 
on changes in atmospheric conditions, such as temperature, humidity, 
cloudiness, and wind. Evaporation rate depends directly on temperature 
and humidity; a rise in temperature and drop in humidity increase the 
evaporation rate. Wind aids evaporation by constantly removing the 
blanket of vapor molecules from the water surface, provided that the 
wind is not saturated. 

'2. The character of the vegetation and the soil in which it grows 
affect the amount of rainfall it absorbs. Plants absorb all their moisture 
through their roots and transpire it as vapor through their leaves to the 
atmosphere. However, vegetation shading considerable ground area 
from the sun reduces the direct evaporation. On the other hand, tran¬ 
spiration increases markedly during the growing season, when sunUt 
hours are a maximum. Most vegetation lies dormant during the winter, 
making transpiration negligible. 

3. Precipitation absorbed by the soil seeps, or percolates, into the 
ground, forming bodies of water called the water table, or ground storage: 
The amount of seepage depends on the geological character of the surface 
and subsoil. Cultivated or plowed land encourages seepage provided 
that no impervious subsoil layer interferes and that the water sinks below 
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the reach of the lowest roots of the vegetation. Sandy subsoil offers 
the best condition for seepage; the finer the soil particles, the less favorable 
are conditions for ground water. Most ground water eventually flows 
into streams and during droughts is the only source of water to maintain 
stream flow. 

Lakes and swamps store much water, primarily by rising water levels 
since they have restricted outlets. But most of the water evaporates 
instead of discharging through the outlet as useful runoff. 



Fig. 25-1. Graphic portrayal of the water cycle. {Courtesy of V. A. Thiemann.) 


4. Water not distributed in one of the three ways described flows 
over the ground surface as direct runoff to form brooks and rivers. The 
suitability of a river for power generation depends on the magnitude and 
time distribution of flow and the head made available by the surrounding 
topography. 

The amount of runoff from a given rainfall depends on the nature of the 
precipitation; short, hard showers may produce relatively little runoff, 
whereas rains lasting a longer period usually produce a greater percentage 
of runoff. The soil tends to become saturated and lowers the rate of 
seepage and the humid atmosphere slows evaporation. 

During the winter, with frozen ground, rainfall may appear almost 
completely as runoff. During this season snow and ice store much of 
the precipitation to be released during warmer weather as runoff. Melt- 
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ing snow and ice augmented by current rainfall cause the familiar spring 

freshets or floods. i ^ f 

The water equation summarizes the disposal over a definite area oi the 



Fto 25 2 Gauging station for stream-flow measurement. Float well at left records 
Ser Lvel rZ flow is being measured by current meter from cable car. (Courtesy 
of V. A. Thiemann.) 


rain falling during a given period, as in Fig. 25-1: 

Runoff + seepage = precipitation - evaporation - transpiration 

+ (change in storage) (Zb-^) 

The water leaving at boundary A is the difference between the vapor 
leaving at boundary B and that entering at A, with allowance for accu- 

mulation.or diminution of storage. 

25-3. Measuring Stream Flow. To 
evaluate the available energy in a given 
river we must know the quantity of water 
flowing and its variation with time over 
a long period of years. Direct measure¬ 
ment by stream gauging at a given site 
for a long enough time is the only precise 
method of evaluation. 

The water-flow volume may be meas¬ 
ured by providing or selecting a channel 
of fixed cross section and at regular inter¬ 
vals measuring the water velocity at 
enough points in the cross section for different water levels, or stages. 

Figure 25-2 shows a typical stream-gauging station; by integrating 
the velocities over the cross section for each stage the total flow for eac 
stage can be calculated (Fig. 25-3). With this curve we need only a 
continuous record of the river stage, provided that the gauging-station 

cross section remains fixed. 4 .„ui;aboH 

The U.S. Geological Survey and cooperating authorities established 



Fig. 25-3. Typical curve relating 
water level at gauging station and. 
stream flow. 
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gauging stations on most important rivers about 1906 and have increased 
the number of sites since then. Many sites have automatic recorders; 
at others observers make records manually several times a day or week 
depending on the variation and rapidity of flow. 

The flow of a river may be given in terms of second-feet average dis¬ 
charge per day, per month, and per year. This discharge multiplied by 
the head gives the energy available for conversion. Alternate methods 
of expressing flow or runoff are inches of water on the drainage area 
feeding the river site for a stated period, or acre-feet of water per unit 
of time. 

Besides the annual total and average rates of flow the maximum and 
minimum rates must be known. Maximum flood flows can be estimated 
only on the basis of probabilities, since rainfall acts erratically. By 
using available data on runoff the mathematical theory of probabilities 
can predict that, on the average, floods of given magnitudes will occur 
once ih so many years. The greater the flood, the longer the span of 
years intervening. 

The maximum flood flow governs the size of the headworks and dam 
to be built. Their cost must be balanced against the damage that greater 
floods might cause. If failure of a dam would cause loss of life below 
the site, the dam would probably be designed fof a flood occurring once 
in 1,000 years or even 10,000 years. A dam on a remote river might be 
designed to hold floods occurring once in 10 or 20 years, the recurring 
costs of repairing damages caused by greater than the design flood being 
cheaper in the long run than installing a larger, costlier dam initially. 
In most cases, if a dam were built to resist the maximum possible flood of 
all time, the high cost would make the venture unattractive economically. 

Average flows must be known to figure the maximum marketable 
energy and the revenue the projected plant may be expected to yield. 
The capacity of the plant and the need for storage will also be fixed by 
the average flow. 

The minimum flow and that part which can be stored fix the amount 
of primary power that will be available. That part of the capacity 
of a hydraulic plant available at all times when energy is needed is classed 
as 'primary power. 

The additional output available at high-water flows, called secondary 
powerj sells at a much cheaper rate than primary power because it can 
be revoked at will of the operating company. When the market for 
primary power is larger than the hydraulic plant can supply, the difference 
can be supplied by a steam plant or diesel plant or over an interconnection 
with another utility system. 

Sometimes the lack of direct runoff data makes it necessary to estimate 
stream flow. With a few years of measurement available a correlation 
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may be established with a neighboring stream. Due account must be 
taken of differences in rainfall, topography, and geology. 

When no gauging data are available, the estimates must be based on 
available rainfall data. These are on record for many years in most 
parts of the United States, longer than existing stream-flow data^ Several 
equations have been proposed to correlate rainfall with stream flow. N o 



Fig. 25-4. Annual hydrograph of a river 
with flashy characteristics. 



Fig. 25-5. Annual hydrograph of a river 
with exceptionally steady flow. 



Fig. 25-6. Map of river with fan-shaped 
tributary system conducive to flashy flow. 



tributary system conducive to steady 
flow. 


direct reliance should be placed on such correlations without a thorough 

analysis of other controlling factors. 

26-4. Drainage-area Characteristics. The variation of stream now 
in a given site depends on the geographical, geological, and topographical 
features of the drainage area feeding the river, as well as the magnitude 
of the area rainfall. Hydrographs show the variation of river flow with 
time; Fig. 25-4 shows the behavior of a flashy stream and Fig, 25-o the 
variation in a stream with relatively steady flow. Steep slopes on the 
drainage area, impervious soil surfaces, impervious subsurface strata, 
sparse vegetation, and a fan-shaped distribution of tributary streams 
merging near a common point (Fig. 25-6)-all contribute to flashy 
behavior in a river. Gentle slopes, soils and rock formations conducive 
to seepage, ample vegetation, and tributary streams that enter at widely 
separated points (Fig. 25-7)—aU contribute to relatively steady flow in a 
river. 


i 


I 


WATER POWER AND HYDRAULIC STRUCTURES 


495 


The effects of deforestatioH find no agreement among authorities, 
but most hydrologists fee! that forests do not prevent floods. The 
underbrush in heavy forest growth undoubtedly lessens the severity of 
floods by retarding the rate of flow, but the principal benefit lies in 
reducing land erosion and silt loadings of river waters. 

Runoff may also be plotted as flow-duration curves (Fig. 25-8). These 
show the time that a stream-flow rate was equaled or exceeded in any 


ispoo 



Percent of Time 

(a) (ft) 


^G. 25-8. Flow-duration curve (b) devised from hydrograph (a) type of plotting 
{Courtesy of V, A. Thiemann.) 

period. In Fig. 25-8 the highest daily flow is shown at the highest level 
at 1 and the lowest at the lowest level at 30. 

26-6. Storage and Pondage. Hydraulic plants may be classified 
according to the amount of water-flow regulation they can exert. A 
run-of-river plant has no control of river flow and must use the water 
as it comes. During high water-flow rates and at times of low load con¬ 
siderable water is wasted over the dam spillways. 

Storage plants vary in degree. Plants with facilities for storing water 
at their sites often cannot store as much as plants having one or moi'e 
reservoirs upstream. Water behind the dam at the plant is pondage. 
Water held in upstream reservoirs is storage. 

The amount of regulation obtained with pondage usually involves stor¬ 
ing water during low loads (u.sually during early morning hours and 
Sundays) to aid carrying peak loads during the week The water that 
would go over the dam spillway unused during low loads (as in run-of- 
river plants) can be released and added to normal river flow to supply 
peak loads, usually of a few hours’ duration. 

The headwater elevation fluctuates irith this type of operation: rising 
when storing water (load less than energy in river flow); falling when 
drawing water (load greater than energy in river flow); and remaining 
constant when load equals energy in river flow. For fluetuating loads 
pondage int(rea.ses the maximum capacity that a plant can carry. 









































































496 


HYDRO AND METEOROLOGICAL PLANTS 


Plants with reservoirs upstream can store the excess water of spring 
floods for release during the summer to supplement the low rates of flow 
during this dry season. Reservoir water elevation will generally be 
lowest during the year at the end of the summer. 

Pondage hicreases the capacity of a river over a short time, such as a 
week. Storage, however, increases the capacity of a river over an 
extended period such as 6 months to as much as 2 years. 

26-6. Dams. Dams function in two ways: (1) creating a head and (2) 
impounding water for storage. Either or both may be performed by one 
dam. Of course, to create a head, some water must be impounded, but 
small amounts are not considered useful storage. 

The designer uses stability and tightness as the major criteria in build¬ 
ing dams. Dams must be designed to resist failure by upsetting, sliding, 
and rupturing. This may be done by sheer weight, as in solid dams, or 
by anchoring, as in arch dams. Tightness depends on: (1) impervious¬ 
ness of the structural materials, (2) adequate joint design, and (3) sound 
geological formations of the terrain surrounding the dam on all sides. 

Large seepage through subterranean passages may make a dam inef¬ 
fective. When incomplete geological surveys do not reveal such under¬ 
ground leaks, expensive plugging repairs must be made. Experience 
shows that only a few borings at a site may appear to make it favorable 
for a dam, but more extensive borings may reveal serious subsurface 
faults that make it wise to abandon the site in favor of one needing 
perhaps a larger dam and liiiviog less storage capacity* 

Dams may be classified according to their structural materials as: 
iimbefi earth, rock-Jilledj and masonry. Some dams combine two of these, 
such as a solid masonry section with a spillway in the center flanked by 
earth sections on both sides. The typo selected depends on foundation 
conditions and economics. 

Few timber dams are built today. They were used for sites remote 
from roadways and where timber was plentiful. These dams were built 
as high as 40 ft, .with averages around 20 ft. Timber dams need con¬ 
stant inspection to keep them in good repair. 

Earth dams are built to heights of 200 ft. They contain the maximum 
cubic content of material and have the marked advantage of not needing 
an impervious rock foundation. The dam cross section varies with its 
height and the nature of the material. The side slopes of the dam must 
be considerably flatter than the limiting angle of repose of the material 
when under water. Figure 25-9a shows a dam without a core Avail. The 
line of saturation is the height to which water would rise in a pipe driven 
vertically into the dam. 

The saturation line must intersect the dam^s base line well within the 
downstream toe of the dam; otherwise, heavy seepage of the downstream 
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side may make the entire dam fail. To depress the elevation of the 
saturation line, a core wall or puddle may be placed in the dam section 
as in Fig. 25-95. 

The dam must be high enough so that flood flows will not top it; if 
they do, the dam will quickly fail from erosion, A protecting coat of 
rock, concrete, or planking must be laid at the water line to protect the 
dam from wave erosion. Covering all exposed surfaces with grass or 
vegetation protects the dam from rainfall erosion. 




(b) 

Fig. 25-9- Earth-dam cross sections, (a) Without core wall; (b) with core wall. 

The rock-filled dam, used mostly in the West, consists of rock blasted 
from nearby borrow pits and either dumped or carefully placed in position. 
In building a dam between canyon walls, the rock may be blasted from 
the sides to fall into position. Concrete or timber mats placed on the 
slopes or concrete core walls limit seepage through the dam. These 
dams usually settle Avith time unless carefully built; they will fail if 
topped by floodwater. 

Masonry dams are of three major classes: (1) the solid gravity dam^ 
(2) the buttress dam, and (3) the arched dam. The mass of the dam struc¬ 
ture decreases for a given site in the order named. For maximum safety 
all dams should be built on a solid, impervious rock foundation. When 
this is not available, the first two types may be built with a concrete 
mat or apron laid over the pervious earth foundation to an extent that 
will ensure a stable structure. 

Figure 25-10 shows the cross section of a solid gravity dam. This 
may be made of ashlar masonry, mortar rubble masonry, or concrete 
with large stones embedded. This dam is solid through its length except 
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for joints in the structure to allow for expansion and contraction with 
temperature. 

In stable dams the resultant of all forces acting on the dam will intersect 
the base at some point within the middle third of the base line. Then 



Middle 

Third 

Fig. 25-10. Cross section of solid gravity type of masonry dam. This type may be 
built as a nono^er-jimo dam or as an overflow type called &'piltway dam. The latter 
type has a downstream apron as part of the dam. On this apron the kinetic energy 
of the water is partly changed to potential energy in the tail water characterized by 
the hydraulic jump as the water enters the tail way. 



Fig. 25-11. Buttress or hollow gravity type of masonry dam with flat deck. 

all points of the base exert downward pressure on the foundation, the 
criterion of stability. Figure 25-10 shows the water pressure P and the 
weight of the dam W as the principal forces acting on the dam. the 
resultant of these two components, intersects the base at the required 
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Fig. 25-12. Buttress type of masonry dam with multiple-arch deck. 



Fig. 25-13. Arch type of masonry dam. 
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middle third. Friction between the dam and the foundation balanofli 
the component that causes sliding. , . j 

The hollow gravity dam (fig. 25-11 or 25-12) 
concrete costs are high. The dam shown m Fig. 25-11 has a flat deck 


wiTim pownn and h™aol.c sTsncToaes 



laid on sloping buttresses. The weight of water P on the dock 
mitted as a thrust into the buttresses. The weight of the J 

angular direction of its pressure make up for the lighter weight ol thll 

dam in assuring stability. 
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proves suitable where the width is capable of with- 
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Htanding the thrust exerted by the feet 
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section in a dam can spill excess water but has certain disadvantages. 
To make the maximum head available, the spillway crest should be as 
high as possible. But the elevation permissible during normal river 
flows will be excessive during floods because the water will back up and 
flood upstream land. This may cause damage upstream, and so flowage 
land or rights must be obtained for the maximum level of water. 



Fig. 25-17. Typical low-pressure intake showing headworks for a hydro plant. (Cour¬ 
tesy of V. A, Thiemann.) * 


For flexibility the head level should be controlled independently of 
the-flow through the turbines. One method uses a superstructure at 
the crest to hold: (1) dashboards or (2) timber needles or (3) stop logs. 
Figure 25-14a shows a dashboard construction for automatic control of 
headwater level. Sockets at the top of the spillway support iron rods 
projecting as high as 10 ft above the crest. Flashboards lie against these 
pins held by the force of the water. When water begins spilling over the 
board tops^ the additioiRil pressure on the boards makes the pins or rods 
fail by bending; this releases the boards, allows the water to pass at a 
higher flow, and lowers the level in the head pond (plant intake). 

Superstructures hold timber needles (Fig. 25-145) or stop Logs (Mg. 
25-14c) on top of the dam crest to control water level. Jacks or hoists 
must remove or add the needles and logs as water height is tf> be varied. 

Modern dams use some type of crest gate: (1) radial, (2) flat, (3) roller, 
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(4) drum, or (5) tilting. Motors controlled by float switches raise and 
lower the fii'st three types of gates. Drum and tilting gates operate 
automatically with changes in headw^ater level. Figure 25-15 outlines 
the principle of a radial gate, called a Tain ter gate. Figure 25-16 
shows a tilting gate; as water level rises, the pressure on the gate forces 



Fig. 25-18. Typical high-preaaiire-iutake headworks. Note that filler gate balances 
wato^r^s^ejor opening the gate; air vent prevents penstock vacuum. (CmHesy 

it downward to spill water. As the level drops, the heavier counter¬ 
weight overbalances the weight of reduced water height flowing over the 
gate to pull it up and stop w'ater flow. 

Water flowing over a spillway acquires considerable kinetic energy, 
that can do considerable damage doW'nstream of the dam. The spillway 
must be extended from the dam base by an apron section. The w^ater 
entering the apron at high velocity enters a hydraulic jump that absorbs 
much of the kinetic energy and prevents eroding the river bed. Water 
spilled from conduit outlets dissipates its energy in turbulence as it 
drops into dfjwnstream sections of the river. 
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Where dams offer barriers to fish migration, log driving, or navigation, 
they must have suitable bypasses: fishways in the form of ladders or 
elevators, chutes for passing logs* and locks for ships. 

26-8. Headworks. These are structures at the intakes of conduits, 
tunnels, and flumes. They have booms, trash racks, sluices for passing 
debris, and gates or valves for controlling water flow. 

Booms divert ice and floating logs from the intake. They consist of 
logs tied end to end and form a floating chain that directs floating matter 

to a diversionary bypass chute. v • , i 

Trash racks remove floating or submerged debris directly at the intake 
entrance. Gates control the rate of water flow entering. Figure 25-17 
shows a typical low-head intake and Fig. 25-18 a high-head intake. 

Other high-pressure or high-head headworks use cylinder gates, or 
rotary, spherical, butterfly, or ne'edle valves for water-flow control. 
These gates are used not only at headworks but also in penstocks and at 
the turbine inlets. They also control discharge through sluices and 
conduits for flood-flow bypasses. 

26-9. Conduits. A headrace leads water from the headwater to the 
turbine; a tailrace leads water from the turbine outlet to the downstream 
side of the plant. These may.be open-type flumes or canals or closed- 
type tunnels, pipelines, and penstocks. Many plants use a combination 
of these waterways. Penstocks handle high-head water and may be 
made of reinforced concrete, wood staves, or steel plate. They may be 
buried or aboveground. Penstocks have accessories such as air vents, 
surge tanks, and pressure regulators to protect the penstock against 
sudden pressure changes that might burst it or collapse it under sudden 
load and flow changes. 

ft 

PROBLEMS 

26 - 1 . At a potential hydraulic-plant site the average elevation of the headwater 
is estimated at 1,812 ft, the tail-water elevation at 1,575 ft. The average annual 
water flow was determined to be equal to that volume flowmg through a rectan^lar 
channel 30 ft wide with a depth of 4 ft and an average velocity of 15 ft per sec. Find 
the annual electrical energy this site can produe.e with a water turbine efficiency of 
85 per cent, a generator efficiency of 95 per cent, and the loss in the headworks equal 

to 3 per cent of the available head. _ ^ & a 

26 - 2 . A lake having a surface area of 150 sq miles receives its water as runon and 
seepage from the drainage of an area of 2,000 sq miles including its own area. The 
lake empties through a single outlet. The lake level was 1,800 ft at the beginning of 
a given month of 720 hr and 1,802 ft at the end. The average rainfall over the area 
during the month was 4.0 in. If 40 per cent of the precipitation was evaporated and 
transpired, what was the average flow through the outlet in second-feet during the 

month? ^ , -j j. A- « 

26 - 3 . The river forming the outlet of the lake in Prob. 25-2 has a rapids starting 

at the lake which descends 220 ft within a short distance. What energy could have 
been developed ideally at this site for the month in the foregoing problem? 
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26 - 4 . A factory is situated at a fall of 60-ft drop in a river. The factory requires a 
source of energy with a capacity of 300 hp all during the year. The river flow on 
the average in any one year is 

200 sec-ft for 2 months 
100 sec-ft for 2 months 
75 sec-ft for 1 month 
40 sec-ft for 7 months 

a. If the site is developed as a run-of-river plant without storage, what capacity 
must be provided in a stand-by plant? The efficiency of the hydraulic plant will 
be 80 per cent over-all. 

5. If a reservoir could be arranged upstream, what would be the percentage of the 
stored water that would provide margin for evaporation and seepage? Would a 
stand-by plant be necessary? 

26 - 6 . The daily load on a storage hydraulic plant varies as follows; 

200 kw from midnight to 8 a.m. 

400 kw from 8 a.m. to 4 p.m. 

800 kw from 4 p.m. to 6 p.m. 

600 kw from 6 p.m. to midnight 

The over-all efficiency of the plant at all loads is 80 per cent. The area of the pond is 
500,000 sq ft. Starting at midnight, the headwater elevation is 1,500 ft, the tail- 
water elevation 1,400 ft. Assume that tail-water elevation is independent of the rate 
of flow. The flow entering the pond remains constant over the 24 hr at 60 sec-ft. 
a. Plot the variation in headwater level throughout the day. 
h. Plot the load curve on the same graph. 

26 - 6 . A 10,000-kw run-of-river hydraulic plant operates on an available head of 
200 ft and has an over-all efficiency that remains constant at 90 per cent for all loads. 
For a given day during the low-water season the customers receiving primary power 
have the following loads; 

8,000 kw for 2 hr 
6,000 kw for 2 hr 
4,000 kw for 10 hr 
2,000 kw for 10 hr 

For a river flow remaining constant at 525 sec-ft, how much secondary power (energy) 
could this plant deliver during the entire day? 
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CHAPTER 26 

HYDRAULIC TURBINES 


26-1, Turbine Types. Water turbines convert the potential energy 
in water stored behind a dam into shaft work, ordinarily used to drive 
an electric generator. In this conversion the potential energy of the 
water converts to kinetic energy as-it falls through the head of the plant. 
The water imparts most of this kinetic energy to the turbine runner to 
develop a torque on the shaft and produce shaft work. A shaft-speed 



Output in Thousands of Horsepower 

Fig. 26-1. General range of head and output for three types of hydraulic turbines 
classified by specific speed Na. Shaded areas show overlapping applications of two 
types. {Courtesy of V. A. Thiemann.) 
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governor regulates the opening of the turbine gates or nozzles in response 
to changing loads. The turbine must be firmly supported in a setting 
with passages to lead the water to the runner and passages to take the 
spent water from the runner. 

Turbines may be broadly classed as impulse and reaction types. 



Fig. 26-2. Testing models of water-turbine runners show variation in siiape with 
specific speed A", as governed by water liead. (a) Highest heads use impulse, or 
Pelton, wheel for — 3.5 to 4.3. Intermediate heads use Francis runners: (h) 
^9 “ IS to 20; (c) Ng = 54 to 62; (d) N, = 80 to So. (^) Medimii to low heads use 
mixed-flow runner for AT, = 100 to 125, (/) T/>we3t heads use propeller niimer for 

A', = 110 to 150. (g) Kaplan runner has pivoted blades that can be angled for beet 

efficiency at any load for Aa = 80 to 150. {Cmriesy of Dominion Enffineering 
Company.) 


Figure 26-1 shows how the various types are used for a range of heads 
and capacities. Figure 26-2 shows typical runner designs for the various 
types. 

Lowest heads use propeller, or axial, turbines; the types actually used 
vary with the turbine capacity. The Kaplan turbine is a special type of 
propeller turbine featuring variable-angle blades that can be changed with 
water flow to maintain high efficiency. Francis, or radial- and mixed- 
flow, turbines are used for an intermediate range of heads. Pelton, or 
impulse, turbines work at the highest heads. Figure 26-1 should be 
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regarded as a general guide, since some turbine types fall outside the 
limits shown. 

These turbines may be furth'er classified according to their specific 
speed, which is the rpm at which a scale model, as in Fig. 26-2, would 
run to develop 1 hp at a 1-ft head. The specific speed may be calculated 


as 


N. = 


N VP 


(26-1) 


where Ns = specific speed, rpm 

N = speed for maximum efficiency, rpm, at given head of actual 
full-scale turbine 

P = power output, hp, of actual full-scale turbihe 
h = available head, ft, of actual full-scale turbine 
Figure 26-2 shows typical runner shapes for ranges of specific speeds. 

26-2. Axial-fiow, or Propeller, Turbines. Figure 26-3 shows the 
principal elements of a low-head propeller turbine. The shaft drives a 
vertical electric generator in the generator room above, not shown. 



Minimum 

rail WOter 

Level 


Flum e 

Operating 

Heod 


Headwater 
Level 


Fig. 26-3. Typical propeller-, or Kaplan-, turbine runner takes water from whirl 
chamber. Gates control amount of water flow and its radial-flow direction into whirl 
chamber. Water pressure above the runner and suction below induced by draft 
tube develops water force that turns impeller. {Courtesy of V. A. Thiemann,) 


Oroft Tube 
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This turbine has the highest specific speed of all types, making it suitable 
for the lowest heads and large volume flows. 

High rates of water flow develop high velocities which make cavitation 
a serious problem. The propeller runner may be run reversed to pump 
w^ter in pumped-storage plants. 



Fig. 26-4. Typical Francis turbine receives water through wicket gates from spiral 
casing. Water flow changes from a radial direction to a downward axial flow in runner 
blades. 

Propeller turbines are built with: (1) fixed blades and (2) variable-pitch 
blades. While the fixed-blade type is cheaper to build, its efficiency 
drops off sharply with reduced loads (Fig. 26-7), i.e., lower water flows. 
They work best where they can be kept fully loaded. 

The variable-pitch propeller turbines are also called Kaplan turbines. 
The blade pitch may be changed to get maximum efficiency for the exist¬ 
ing load and head on the turbine. The blades may be adjusted manually 
by shutting down the turbine for about a half hour. For plants with 
more variable heads the blade pitch can be changed automatically as the 
controlling conditions vary. 

Adjustable wicket gates in the speed ring control the rate of water 
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flow entering the whirl chamber and runner. A thrust bearing in the 
generator above supports the propeller runner and shaft. The wicket 
gates extend all around the tfirbine perimeter and operate by levers 
attached to a gate ring, above the top plate, by links. 

26-3. Francis Turbine. Figure 26-4 shows a typical arrangement of a 
Francis, or reaction-type, turbine. Water passages are smaller than in a 
propeller unit of the same capacity. The draft tube, as in Fig. 26-3 also, 
produces a suction head that gives some flexibility in placing the turbine 
above tail-water elevation without sacrificing energy. Runners usually 
mount vertically as shown, but some are used horizontally for high heads 
and small capacity. Running clearances must be kept small to reduce 
leakage to a minimum. Silt and cavitation erosion attack the rotor. 

Wicket gates controlled by a shifting ring (Fig. 26-4) control the water 
flow from the spiral casing into the runnei^ blades. A gate or valve in 
the headworks can shut off water feed to the spiral casing in emergencies 
or to unwater the turbine for repairs. 

The draft tube being submerged in the tail water creates a partial 
vacuum at the runner outlet to maintain nearly full head across the 
runner. The flare of the draft tube decreases water velocity smoothly 
to regain part of the kinetic energy as head on the turbine. 

26-4, Impulse, or Pelton, Turbines. The impulse turbine is ximd in 
high-head plants and sometimes in medium-head plants with small 
capacity. Figure 26-5 shows the elementary arrangement of a Felton 
wheel witii a single nozzle. As many as six nozzles may be used with 
high-capacity Felton wheels. The specific speed per jet of a multijet 
unit remains constant, but the over-all specific speed of a turbine increases 
with the square root of the power output. 

The Felton turbine features simplicity and ruggedness with no close- 
running clearances and zero leakage. Farts attacked by cavitation 
and silt erosion can be easily replaced. Stellite and stainless-steel 
materials resist these destructive effects in critical areas. The Felton 
turbine must be placed as close to tail-water elevation as conditions 
permit, and the runner must not be allowed to submerge. The draft tube 
cannot be used with this turbine. 

A splitter divides the buckets on a Felton wheel (Fig. 26-5) to divide 
the water jet into two equal parts leaving the buckets. This reduces 
the axial thrust on the shaft to practically zero. The same impact and 
momentum principles apply to the water turbine as in an impulse steam 
turbine. 

Felton turbines have long penstocks because of the high heads. A 
shutoff valve usually precedes the needle-controlled nozzle. Hori¬ 
zontally mounted runners may have up to two nozzles, but more nozzles 
usually require the runner to be mounted with a vertical shaft. 
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- . peed and Pressure Control. Governors responding to shaft 
speed control the flow of water entering a turbine by automatically 
opening the wicket gates or nozzle needles. On a Kaplan turbine the 
governor also positions the blades for existing flows and heads to main¬ 
tain optimum efficiency. On a Pelton turbine the governor also operates 

uxihary relief valves or jet deflectors in addition to the nozzle-needle 
position. 





Long penstocks on high-head Pelton and Francis turbines carry heavy 
masses of flowing water. On sudden load changes these cannot be 
stopped or accelerated quickly without setting up destructive water 
ammer that can burst the penstock. Surge tanks connected to the 
ower end of the penstocks, above the powerhouse, receive water from the 
penstock, to decelerate it slowly during sudden load drops, or feed water 
into the penstock smoothly on sudden load increases. 

ressure regulators below the surge-tank connection for Francis 
turbines limit the pressure rise on sudden changes. These relieve water 
rom the turbine casing to discharge it to the tailrace. In water-wasting 
arrangements the regulator opens as fast as the wicket gates close, or 
® penstock pressure constant and gives a constant 
\vater flow through the powerhouse. In water-saving arrangements the 
legulator opens on sudden load drop and then gradually closes as the 
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Koveruor operates the wicket gates. Some pressure regulators discharge 
into an energy absorber that dissipates the jet energy in turbule .. 

In Peiton turbines auxiliary relief nozzles divert water from the power 
nozzle as the governor quickly decreases flow through ik In multi 
nozzle turbines u deflector plate, or collar, swings 

from each nozzle and deflects some water Sien 

reduces turbine output to the load immediately. The needles the 
smoothly reduce water flow while the deflectors move out of the jet 
streams to keep the turbine output constant at the new lower level. 



Fig, Simple governor has flyballs ’ and a Mlow-up system to 

Figure 26-6 shows a simplified arrangement of a water-turbine govern¬ 
ing system The flyball position depends on the spe^ of turb 
shaf T^e flyballs may be belt-driven, a*B shown, or driven ^ 

It; eltitd by . .lu ge..e-.tor coupled to the main tutbme ehafb 
torinttetou adjustment on the flyball shaft permits changmg speed 
r*fne tout A relay valve and power cylinder amplify the small 
toe created by the flyballs to control the forces needed to operate the 

‘thtSotup linkage resets the relay, or pilot, valve after the power 
piston has adjusted the position of the gates. Some goyejrs have 
two-stage amplification to increase sensitivity and force output. 

Srsmafl governors the power cylinder Is part of the governor 1 on la^g 

governors the power cylinder, called a ’^oVaotS^ 

Lrbine while the governing and control mechanisms called an actua 
tor ” lunt in a cabinet on the operating floor. Oil pressure operat^ 
the’ power cylinder and is produced by an oil pump and coiitamed- m 
olpressure Ind -discharge tanks. Governors may have limit devices to 
prevent the gate opening from exceeding a set amount. 
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On units operating alone the governor usually holds constant speed 
at all loads. For two or more units the governors may be set to drop 
speed as much as 2 to 5 per cent when load changes from zero to full. 
This helps to divide the load in a prearranged schedule among units, auto¬ 
matically and without hunting. The governor spring tensions are 
varied to maintain rated speed; they also control the division of total 
load among the units in the station. 



Fio. 26-7. Typical efficiencies for water turbines when running at constant speed and 
head. Kaplan and Peiton turbines perform well at part loads compared with Francis 
and propeller ttirbines. 

Hydraulic turbines are designed to be able to run at runaway speed 
(no load and full water flow), which is about twice normal speed. This 
eliminates the need of an overspeed trip in the governing system. 

26-6. Turbine Performance. Turbine performance is referred to the 
head of water available at the turbine gate or inlet valve. This excludes 
losses in the intake system but charges the turbine with losses in the scroll 
case and draft tube. Equation (25-1) can also be used for turbine power 
output when the efficiency is the turbine efficiency and h is the head at 
the turbine inlet. 

Figure 26-7 shows some typical efficiency curves for the principal types 
of turbines. Turbine operation at different conditions or for different- 
sized but geometrically similar units may be estimated by these similarity 
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equations: 

These equations together with the specific-speed equation may be used 
to develop other relations between the variables. 
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CHAPTER 27 


HYDRO POWER STATIONS 


27-1. Hydro Projects. Most hydro projects are developed to produce 
electric power by privately owned utilities. Many government-owned 
projects attempt to serve several purposes in addition to the generation 
of power, such as: (1) river flood control, (2) maintenance of water levels 
downstream for navigation needs, (3) storage of irrigation water, and 
(4) storage of drinking-water supply. 

The layout of hydro-station projects depends on the services the station 
must perform, the surrounding topography, the controlling economics, 
and the likelihood of developing secondary-power capacity. These fac¬ 
tors in turn, together with the physical characteristics of the site, govern 
the type and arrangement of dams, spillways, and conduit systems. 
Many types of dams may be found in one project, the economics of the 
particular location largely dictating the type chosen. High dams 
predominate where the river falls over a long distance, and low dams most 
often are erected at the head of concentrated falls. 

Dams close to the head of waterfalls cost less but often have longer 
conduits to the powerhouse. The powerhouse usually stands at the foot 
of the rapids to minimize excavation costs. Long conduits cause pressure 
losses and raise the installation cost. 

Most hydro stations have buildings enclosing the generators and the 
powerhouse crane that handles the main unit parts (Fig. 27-3), The 
crane must be high enough to clear the generators and be able to pull up 
the turbine runner out of the spiral casing and place it on the operating 
floor for maintenance. The building also houses the control room, shops, 
offices and ancillary rooms. Switchgear and transformers are usually 
outdoors. 

Some stations have been built with outdoor operating floors. With 
no building for protection all equipment must be clad with a weatherproof 
casing, offsetting somewhat the saving in building investment. A 
gantry crane straddles the generators and runs on rails on the outer 
edges of the operating floor. 

Some stations compromise with a semioutdoor arrangement. The 
generators are covered by low buildings just clearing the tops of the 
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generators. A gantry crane straddles the buildings on the outside and 
gains access to the equipment by removing hatch covers in the roofs 
above them. ^ 

A few stations are completely underground. In these the topography 
makes it more economical to hew the generator room, the penstocks and 




Fig. 27-1. (a) Plan view of medium-head plant to illustrate hydro power system. 
Water* is brought to the powerhouse by canals and a penstock. Surplus water is 
discharged by the spillway into the original river channel, (b) Profile of system. 
{Courtesy of V. A. Thieniann.) 

tunnels, and the tailrace out of the rock. The surge tank may be a 
vertical shaft driven to atmosphere through the rock. 

Most hydro stations run directly under manual supervision by opera¬ 
tors in a control room. Much of the equipment runs automatically, 
even to the extent of starting units or taking them off the line and shutting 
them down. Several small stations on a common river may be fully 
automatic in operation without manual attendance. They would be 
telemetered to a central control board at one of the stations manually 
supervised. They usually have alarm systems that warn operators of 
trouble and automatically shut down equipment in emergencies, these 
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stations might be inspected daily or weekly for signs of operating trouble. 
Some stations might be remotely controlled from a central control board 
and be semiautomatic in operation, having automatic shutdowns for 
emergencies but not automatic starting cycles. 

27-2. Hydro Plants. Because of the many factors governing the 
design of a hydro plant, each one is unique, all factors never being the 
same for any two plants. Figure 27-1 shows the plan and elevation for a 
small medium-head hydro plant. The main dam across the river forms 



and powerhouse. This type of site might also be used for an underground station. 

a modest pond upstream and diverts the water into the canal paralleling 
the rapids in the river downstream of the dam. The mile-long canal 
runs in an excavated cut from one side of the dam into a natural depres¬ 
sion to the headworks dam above the plant. Dikes on the riverside of 
the canal form a built-up bank. At the headworks dam two main gates 
control the water flow entering the two wood-stave penstocks 

taking water down to two turbines in the plant building. The surge 
tanks connect to the foot of the penstocks and project above the level of 
the canal. A debris sluice at the river end of the headworks dam gives 
a bypass for discharging floating matter to the rapids below and keeping 
it out of the penstocks and turbines. 

The spillway at the main dam controls the level of the water in the 
head pond upstream and the level in the canal leading to the headworks. 

Figure 27-2 shows the elevation of a high-head plant; the dam at the 
left has a spillway that might discharge to another river than the one 
at the powerhouse tailrace. The surge chamber stands before the valve 
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house and after the tunnel from the headworks. Butterfly valves in the 
valve house at the head of the penstocks and gate valves at the turbines 
in the powerhouse control th^ water flow. This type of arrangement 
might be suitable for an underground power plant where the rock forma¬ 
tion might be weak at the river edge below, or there might be danger of 
rock slides, or tunneling might be cheaper than penstock construction. 
The powerhouse would then be at the same elevation, and an underground 
tailrace would discharge to the river at the right, not shown. 

Figure 27-3 shows a section through a low- to medium-head plant using 
Kaplan turbines. The powerhouse forms part of the dam, making the 
headworks, inlet conduit, turbine and scroll case, and tailrace an integral 
unit. Gantry cranes over the tailrace and intake control the gates for 
unwatering the turbine for inspection and repair. Control room and 
offices are on the top floor of the powerhouse building, and the electrical 
equipment stands on the roof. 

Figure 27-4 shows the plan view of the famous Hoover Dam on the 
Colorado River between Nevada and Arizona. This backs up the river 
to form Lake Mead, some 150 miles long, extending to the outlet of the 
Grand Canyon in Arizona, The arch dam creates a head of under 400 ft 
and stands upstream and adjacent to the two power-plant wings housing 
17 turbine generators. Four intake towers, each having two cylinder 
gates, control flow into the four main penstocks laid in tunnels. Two 
spillways, controlled by four drum gates each, pass flood flows round the 
dam through spillway tunnels to points- several hundred feet down¬ 
stream of the plant. The discharge of Hoover Dam Plant forms the 
headwater of the Parker Dam reservoir, the next plant some hundred 
miles downstream. 

27-3. Plant Auxiliaries. Many h^dro plants have small auxiliary 
turbine-driven generators to supply auxiliary power for the plant when 
it is shut down. Some plants may have internal-combustion (i-c) engine- 
driven exciters for emergency stand-by so that large units can be started 
when the entire plant is shut down. 

Governor oil systems must have enough power to open gates to start 
turbines from standstill. If the main oil pumps are gear-driven off the 
main turbine shaft, there must be separate motor- or engine-driven 
pumps to raise oil pressure during shutdown. 

Hydro stations may have a wide variety of auxiliaries: circulating- 
water pumps for bearing cooling water, generator cooling, and transformer 
cooling; and air compressors for generator brakes, for agitating intake 
water to prevent ice formation on headworks valves and conduits, and 
for air pressure to depress tail water below the turbine when the generator 
acts as a synchronous condenser. 

Air brakes on generator shafts are set when the turbine is at standstill, 
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Fig. 27-3. Typical low-head Kaplan type of turbine at the Rock Island Plant on the 
Columbia River of Public Utility District No. 1 of Chelan Co., Washington. Six 
units were recently installed rated at 34,000 hp each, 100 rpm, 45-ft head. Plant 
now has 10 units total, {Courtesy of Allis-Chalmers Manufacturing Company.) 


and not to slow the generator down when shutting down. Electric power 
must be supplied to: pumps for water supply and drainage, and for 
unwatering turbine casings prior to repair and inspection; motors driving 
transformer fans and oil pumps; motors on the station crane and hoists 
for spillway and head gates, and penstock valves. The station needs 
electric power for lighting, heating, and ventilating and for storage- 
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battery charging. The battery supplies power for switchgear control 
and may furnish emergency light and power. 

27-4. Plant Operation. The operation of run-of-river and storage 
plants was described briefly in Sec. 25-5. Run-of-river plants can only 
generate energy as river flow becomes adequate. Storage plants vary 
in degree; those with small pondage may be able to store the river flow 
during low loads in a week to help carry the peak loads in that week. 



Fig. 27-5, A daily load curve illustrating use of pumped storage for load peaks. 
System load is shown by solid lines. Power for pumping may come from thermal or 
other hydro stations. 


Storage plants with large upstream reservoirs may have enough water 
during dry summers to carry normal loads. Again, situations vary widely 
so that each plant is unique. 

In some yearly cycles most water plants will be spilling water during 
high river flows and low-load periods. Some of this excess energy can 
be stored in pumped-storage plants. The simplest concept would be 
high-level and low-level reservoirs connected through a penstock with a 
gcnerating-pumping plant at the lower end. 

During light system loads the excess generated energy would be used 
to energize a motor-driven pump and pump water from the lower to the 
upper reservoir, in that way storing energy. When the system load 




























































HYDRO AND METEOROLOGICAL PLANTS 


522 

exceeds the system capacity, water from the upper reservoir would be 
discharged through a turbine generator in the pumped-storage plant to 
release energy and help carry t'he system peak loads. During the next 
light-load period the excess energy would again be used to return water 
from low-level to high-level reservoir. 

Figure 27-5 shows how this operation works in conjunction with the 
daily load variation in a system. Such a pumped-storage plant can be 
used with steam-electric and i-c engine plants also. This helps to keep 



Fig. 27-6. Reversible pump-turbine as used in the Flatiron Plant. As a turbine it 
develops 12,000 hp at 290-ft head at 257 rpm; as a pump it delivers 370 cfs at 240-ft 
head at 300 rpm. Note the butterfly valve t© control the flow of water. 
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the thermal plants more uniformly loaded for better efficiency. If the 
reservoirs are large enough, this scheme can be operated on a seasonal 
basis as well as a daily or weekly basis. 

This system of energy storage does not work at 100 per cent efficiency: 
some energy is lost in the generating and pumping equipment and in 
electric transmission. Also, some of the water pumped evaporates in 
the upper reservoir, diminishing the stored energy. The over-all effi¬ 
ciency of energy supplied to load compared with energy initially generated 
runs about 60 per cent. Despite this high loss this scheme is finding 
increasing application because of capital savings that can be made in 
some situations. 

Older pumped-storage plants had separate motor-driven pumps and 
turbine-driven generators. Later plants had the pump and turbine on 
a common shaft with the electrical element acting as either generator 
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or motor. In the latest plants this has been simplified to two elements: 
(1) the generator-motor electrical element and (2) the pump-turbine 
mechanical element (Fig. 27-6). A Francis type of runner acts as a 
normal turbine turning in one direction and as a pump when turning in 
the other direction. 

27-6. System Plant Operation. Most modern power systems use both 
hydro and steam stations to supply the total load. At times of low water 
flows the hydro plants function most effectively as peak-load units and 
vary their output to meet the fluctuations in load. This keeps the 
thermal plants at constant load, which produces a better efficiency. 

During periods of high water flows the thermal plants and hydro 
stations reverse their roles, the hydro taking the base load and the thermal 
plants the peak load. But even in this operation the hydro plants would 
vary their outputs to meet the load fluctuations. Hydro turbines can 
be started from “cold” in a few minutes, while steam units need about 
6 to 8 hr. 
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CHAPTER 28 


ENERGY-SOURCE DEVELOPMENTS 


28-1. Energy Supply. Our modern civilization, often called t)w 
machine age, is more truly the energy age. Through the ages man hiii 
successively devised more and nxpre complex machines to make things 
and perform services. Man could succeed with this program only hm 
he discovered sources of energy to power his machines. The growing 
energy demands, as discussed in Chap. 1, suggest that one day we Mhuli 
exhaust our known energy resources. This might be disastrous, for itiw 
living standards of the nations of the world vary directly with their 
annual energy consumptions. 

Today the peoples in North America and Europe use most of the 
world's total energy. They are less than 30 per cent of the world^JN 
population. Other nations are now embarking on vigorous induBtriiih 
development programs that will accelerate growing annual energy denuiridNi 
This potential exhaustion has sparked many organizations and govortl* 
ments to search for other sources of energy and devise new and moit* 
efficient ways of using energy. 

28-2. Energy Sources, As Fig. l-l*shows, wood was the major sourno 
of energy in the United States up to about the Civil War, when coal aaini» 
into wider use. In those early days wood supplied our thermal needs, aiul 
we had hydro power and wind power, as well as draft animals, to supply 
much of our mechanical work. Steam power was in its infancy Jind 
did not consume appreciable amounts of energy in the form of wood fui4. 
Wind, water, and wood can be regarded as continuous or repleniHhalilo 
supplies of energy. In terms of mankind's tenure on this earth, I.Imwc 
energy sources will always be available. 

But since the Civil War we have found the fossil fuels coal, petrol ©urn, 
and natural gas to be much more plentiful and convenient to use. TiMlay 
oil supplies the major part of our energy, with coal and gas evenly aujiply** 
ing the remainder and with only token amounts coming from liydfo, 
water, wood, and solar energy. 

Besides practical convenience the use of a fuel will be governed lii.rgely 
by the cost of winning it and preparing it for use. As fuels grow scaninri 
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wo undoubtedly can afford to pay more for those which are buried deeper 
and need more preparation and transportation to market. 

The brightest hope for the immediate future lies in our deposits of 
ijranium and thorium. The ultimate development of fission reactors to 
use these nuclear fuels will multiply our fuel resources by about forty 
times on a world-wide basis. They about triple the known energy 
resources of the United States. 

The long-range promise lies in using deuterium, heavy hydrogen, as the 
fuel in fusion reactions. Deuterium can be separated from natural 
waters, and the amount available is so vast that the energy potential can 
lui regarded as limitless. 

28-3. Solar Energy. The heat energy we receive from the sun has long 
been used in tropical regions for heating water and drying certain types 
of crops. Scientists have always been interested in the sun and its 
eiKTgy yield on earth. Experiments are now under way to use this 
energy for power production, house heating, air conditioning, cooking, 
and high-temperature melting of metals. The large-quantity use of 
Holiir energy poses the problem of needing large heat-absorbing areas to 
(jiipture it. In addition solar energy is available only for a part of a 
(lay, and cloudy and hazy atmospheric conditions cut the energy yield 
Mharply. 

The upper atmosphere of the earth receives solar energy at a rate of 
*\'\2A Btu per sq ft-hr + 2 per cent. The energy at the earth's surface is 

Qa = SVa (28-1) 

wluiro Qa = energy received at earth's surface, Btu per sq ft-hr 
S = solar constant, 442.4 Btu per sq ft-hr 

Va = efficiency of energy transmission through atmosphere, frac¬ 
tion 

In the United States Qa averages 250 to 350 Btu per sq ft-hr. The 
iranMinission efficiency depends on four factors: (1) air mass, (2) the sun's 
alfilude, (3) clouds and haze, and (4) diffuse radiation. The air-mass 
factor depends on the latitude, time of year, and time of day. The 
uliilude factor depends on the angle between the sun's rays and the 
receiving surface. The cloud and haze factor depends on meteorological 
(Mmditions and pollutants in the air. The diffuse-radiation factor 
acconnl.H for the nondirect radiation reflected from the sky to the earth. 

Holai' energy consists of electromagnetic radiations. Wavelength 
vnt'icH from 0.3 to about 20 About 99 per cent of the energy lies 
In I.Im' range from 0.3 to 3 with a peak at about 0.5 
Hi liar radiation may be converted to two types of useful energy forms: 

(I) Ik'mI and (2) light. In general 

Qc = QaVe 


(28-2) 
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where Qe = useful part of incident energy^ Btu j 

Qa = incident energy, Btu i 

r}e = efficiency of colfection equipment, fraction j 

Efficiency usually falls with rise in collection temperature. Twi^ 
types of collectors are used to convert solar energy to heat: (1) flat plaM 
and (2) concentrator. Figure 28-1 shows these in diagrammatic forntfl 
Newer flat-plate collectors have the coolant tubes integral with thij 
collecting surface. Covering the collecting surface with multiple shoati^ 
of glass and evacuating the intervening space raises efficiency and reducti 
heat loss. Flat collectors can generate steam at low temperatures. \ 

Concentrating collectors may be used to generate medium-presflura 
steam. They use many different arrangements of mirrors and lefiiOK 
to concentrate the sun's rays on the boiler. This type shows bettuf 
efficiency than the flat-plate type. For best efficiency collectors should 
be mounted to face the sun as it moves through the sky. The arrangfr*^ 
ment shown in Fig. 28-1 shows how collectors may be used to heat fluidi^ 
or generate steam. 

Solar energy in the light range 0.4 to 0.8 fx of the spectrum may l>a 
used in photochemical and photoelectric processes. The photochemiotll 
effect produces photosynthesis in vegetation, the process that convertfi 
solar energy to chlorophyll and organic matter. The process takes tho 
form 

XCO 2 + XH 2 O + solar energy = X(CHOH) + XO 2 (28-3) 

where (CHOH) represents a carbohydrate. 

We can use vegetation to produce thermal energy by combustion, some¬ 
times by forming intermediate fuels such as alcohol and gasoline. Com¬ 
bustion reactions proceed in the reverse direction of Eq. (28-3). 

Photovoltaic cells convert solar rays to electrical currents. Seleniimii 
as an example, when struck by light rays has its electrons excited to tlie 
degree that they leave the metal and travel as a minute electrical ciirroilt 
through a connected circuit. Modern photoelectric cells using giliooti 
wafers, called “solar cells,'^ convert solar energy to electrical curreiitu 
with an efficiency of 10 to 12 per cent. These cells produce potentials 
and currents suitable for charging storage batteries. 

28-4. Wind Power. Energy in the wind has been used for many cen¬ 
turies to sail vessels, pump water, and grind wheat and corn. Winds 
essentially are created by solar heating of atmospheric air. 

Several attempts have been made since 1940, and current develop¬ 
ment goes on, to use wind to generate electrical energy. Wind energy 
stems from two prime effects: (1) heating of the atmosphere that gcuenitWi 
convection currents and (2) relative motion of the atmosphere to tlm 
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(b) 

28-1. (a) Flat-plate solar-energy collector heats up coolant circulating through 
tiihcH; (h) concentrating collector focuses sun’s rays on boiler at focal point. 


rnbiting earth. Winds follow a global pattern but vary markedly in 
diiy-to-day intensity and duration at any point on the earth. 

l*'iguro 28-2 shows a duration curve for wind speeds during a year at 
Olio giiographical location. Storm and gale winds prevail for only a 
Ninall per(!ontago of the time. The same is true of dead calms, when no 
iiir tnovcH at all. The corresponding power available in the wind is 
nIiowii by the concave-upward curve. It relates to wind velocity as 
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where Pw = power in wind, hp 

p = air density, Ib^ per cu ft 
A = cross-section area of stream, sq ft 
V = wind velocity, ft per sec 
Qc = constant = 32.2 lb,„-ft per lb/-sec^ 

Winds less than 20 mph have little value for power generation, but abovt 
30 mph their force makes it difficult to tap with reasonable structures,rj 



Fig. 28-2. Annual wind and wind-power duration curve for a given site. Wind poWflf 
varies with the cube of wind velocity. * 

Power converted from wind is 

Pt = P^Vw ^ {28-fl) 

where Pt = power .output from wind turbine or mill, hp 
riw = efficiency of conversion, fraction 
The efficiency of conversion varies with wind velocity. A propellof 
type of rotor has a maximum theoretical value of about 0.60 but actiiidly 
develops about 0.40. 

The low density of winds means that large volumes must be haiidlwl 
to generate significant amounts of power. A wind turbine, or even *4 
battery of them, has no basic effect on the surrounding territory. Wiiul- 
duration curves (Fig, 28-2) show that winds can deliver fairly cutmtnrd' 
amounts of power annually. But the wind variability means that tlin 
power delivered will also be erratic. Average wind speeds for dilTerour, 
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lo(!alities vary from 2 to 50 mph and may vary + 10 per cent from year to 
year. 

Wind turbines would be very costly if designed to run at all wind 
speeds. They usually start running at wind speeds just enough to 
overcome the system losses and develop full power at the prevailing 
speed for the locality. Above this speed the wind turbine spills some 
of the air to stay at its rating. At some maximum speed the wind 
iurl)ine is shut down and the blades feathered to let the wind pass without 
exerting turning forces. 

Figure 28-3 shows a variety of wind-driven rotors for generating shaft 
power. Capacities of these may range from several hundred watts to 
1,600 kw, the maximum built to date. Designs for units higher than this 
liiive been proposed. 

The rotors of Fig. 28-3a and h may have a different number of blades 
from that shown. The blades change the direction of the wind impinging 
on them, developing a reactive force that moves the blade and slows up 
the air, which gives up part of its kinetic energy. 

The unit in Fig. 28-3c has hollow propeller blades, which are moved 
hy the wind. The centrifugal force ejects air from inside the hollow 
blades through orifices at the blade tips. This induces an air flow into 
i 11 1 (4) ports near the bottom of the hollow mast. The upflowing air 
passes through the nozzles and buckets of an air turbine, developing the 
shaft power of the unit. The unit built for the British Electricity 
Anfhority develops 100 kw with a 30-mph wind turning the propeller 
ai 100 rpm. The low-speed air turbine drives an induction alternator 
iJirough step-up gears. 

The panemone rotor of Fig. 28-3d may be designed in many forms, 
HU(!h as the anemometer cup for measuring wind speeds. The Savonius 
I'oj^or shown has a maximum conversion efficiency of about 33 per cent. 
It has the capacity for driving small water pumps. 

'riio squirrel-cage rotor windmill of Fig. 28-3e was designed by the 
Hell Telephone Laboratories. The outer stationary blades direct the 
wind, whatever its direction, into the rotating blades for best efficiency. 
'I'liiH design is expected to be good for capacities up to 1 kw and more. 
'I'he fotor may be supported by the shaft from above or below. The 
iinilH will be suitable for battery charging. 

I able 28-1 lists some proposed and actual wind-power plants with 
inethods of construction and operating control. During World War II 
li 1,250-kw wind turbine with a two-bladed rotor ran for a few months 
nil fop of Grandpa's Knob in Rutland, Vt. Fatigue failure in one of 
Iho inornbcrH supporting one of the blades wrecked the unit. Repair 
inatorials were difficult to get during the war. After evaluating the cost 
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induces air flow through turbine in mast; (d) panemone or Savonius rotorj (l) 
aquirrel-cage rotor. 


T.\ble 28-1. Typical Wind-turbine Plants 
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and potential of the wind turbine in the United States for power genera* 
tion, the builders decided to abandon the project. 

Wind power proves practical for small power generation ip isolated 
sites. But for maximum flexibility it should be teamed with other 
methods of power production to ensure continuity of service. ' 

28-6, Tidal Power. At certain locations on the earth with favorablci 
underwater topography tides may change as much as 60 ft in level within 
12 hr. These significant level differences of vast masses of water suggeiit 
trapping the water to make it flow through a fall and generate shaft 
power. 



Fig. 28-4, Single-basin tidal power plant uses reversible water turbine to develop 
power on inflow and outflow. Graph shows operating schedule for power generation 
on tide rise and fall. 


The t Passamaquoddy project to generate power from 50-ft tides In 
the bay between Maine and Canada was seriously considered in tli« 
1930s. But the remoteness of lai^e power-consuming areas and thn 
cost of construction and transmission made the project impractical l.littni 
Studies have recently been reinitiated to determine its economy uiulnr 
present conditions. 

The LaBance project in France will be completed by 1963 and will hdvo 
an ultimate rating of 342,000 kw. This will use a single basin and nuIj- 
merged reversible propeller-type turbine generators that can geni'rat.ft 
power with the water flowing in either direction through the t.urhiiin 
runner. 

Figure 28-4 shows the schematic layout of a tidal power plant using a 
single basin. The graph shows the sequence of operation of the plant 
through a little more than one tide cycle. 

When the incoming-tide sea level and tidal-basin level are ecjual, thfi 
turbine conduit is closed. The sea surface rises, and about halfway (ip 
high tide the turbine valves are opened and the sea flows into the l»aNlii 
through the turbine runner generating power. This also raises the lovdl 
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of the basin. The turbine continues to generate power until the tide 
passes through its high point and begins to drop. The water head then 
(quickly diminishes till it is not enough to supply the no-load losses. 

Bypass valves then quickly open to let water into the basin to gain a 
maximum water level. When sea and basin water level are again equal, 
the valves are closed as well as the turbine conduit. The basin level then 
stays constant while the tide continues to go out. After sufficient head 
has developed, the turbine valves are again opened and the water now 
flows from the basin to the sea to generate power, dropping the basin 
level. The plant continues generating until the tide reaches its lowest 
hivel and begins rising. Again a minimum head will be reached when it 
pays to shut down the turbine and open the bypass valves to drain the 
basin to the sea. As soon as sea and basin levels are equal, the plant 
repeats the 1 ' 23 ^^-hr cycle. 

This scheme shows that a single-basin plant cannot generate power 
(jontinuously, though it might do so by using a pumped-storage plant if 
the load it supplies fluctuates sufficiently. A two-basin scheme could 
g(uicrate power continuously without interruption. Tidal plants usually 
must be of large capacity to make their construction costs economical. 
None have been built to date. 

28-6. Wave Power. The waves of the ocean produced by winds and 
ol/her causes possess considerable energy. Water waves possess potential 
energy because of the height difference between crest and trough and 
also kinetic energy because the particles of water taking part in wave 
motion move through essentially closed paths. The amount of energy 
depends on waveshape and the height and distance between crests. 
Waves 10 ft high and 100 ft between crests have about 30 hp per ft of 
wavefront. 

Many schemes in the past attempted to tap this energy by systems 
of floats, racks, and gears or by some type of paddle-wheel arrangement. 
Invariably these mechanical systems could not withstand the pounding 
and were wrecked in storms. 

Figure 28-5 shows an interesting proposal by Arthur D. Little, Inc., 
1,0 use wave power to generate pneumatic power that could be used for 
power generation. Waves entering the horn-shaped area between the 
(W() jetties become intensified as the passage narrows. 

'i'hese amplified waves feed energy to a standing wave that fluctuates 
Inside the circular chamber. The inside of the chamber is divided into a 
Hiniiller circular chamber and an annular chamber formed by a circular 
wall hung from the ceiling and projecting beneath the water surface. 
Ah the standing wave heaves up in the center, it subsides in the annular 
rlnimber; this forces air out of the center chamber and induces it into 
I he annular chamber. 
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As the wave subsides in the center chamber it heaves up at the outer 
edge to force air out of the annular chamber and induce it into the center 
chamber. By synchronized valving this air can be made to flow through 



Fig. 28-5. Proposed wave power plant converts wave energy to pneumatic energy in 
closed chamber. Horn-shaped channel, 1,500 ft long, concentrates waves on 1,000-ft 
front into compression chamber, 240 ft in diameter and 150 ft high. 



an air turbine and generate shaft power. A project for a 50-mw plant ll 
being studied. 

28-7. Low-thermal-head Plants. In tropical seas the surface water 
may be over 40 F warmer than deeper subsurface waters. The Carnot 
principle shows that theoretically this thermal difference can produce 
mechanical power. A Frenchman, Georges Claude, did work on thlg 
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Idea in the 1930s in Cuba, but his experimental plant needed more 
auxiliary power than it generated. 

'Fhe French government has since been testing components of a plant 
to be installed on the west coast of Africa. Figure 28-6 shows a schematic 
layout of a plant with its principal components. A warm-water pump 
draws off surface water to be admitted into an evaporator. At 86 F 
Inlet temperature the water evaporates to saturated steam at 0.62 psia. 
'I'luH steam flows to a single-stage turbine and exhausts to a jet condenser 
at 0.15 psia pressure. 

4'his low pressure is maintained by subsurface water at 44 F, pumped 
from the depths and used as cooling water. The water jet removes non- 
(jondensable gases as well as the exhaust steam. The pressure difference 
of 0.47 psi can drive the turbine. For the projected plant a turbine 
with a whed diameter about 25 ft will generate about 7 mw. 

The success of the plant will hinge on keeping the cooling water cold 
Jill the way into the condenser and building the suction line (a mile or 
MO long) to keep friction losses low. Pumping energy must be kept low 
enough to ensure a net plant output. The jet-condenser effluent will 
lin,vt^ to be discharged far enough away from the plant not to inteidere 
with the surface heating of the ocean water. Tests are also being made 
oi‘ (severing the warm water with different types of oil to increase its 
n,|>ility to absorb the heat of solar rays. 

28-8. Geothermal Energy. The earth, having been originally thrown 
olT from the sun according to some theories, still has a molten core. 
Home theorists believe this to be mostly nickel iron. Evidence for this 
Illusory lies in the volcanic action that takes place in many regions of the 
(Miri/h’s surface. The magma that exudes from the bowels of the earth 
t,o form volcanic expulsions also produces fumaroles (steam vents and 
geysers) and hot springs (Fig. 28-7a). 

The steam has been used for many years in Italy and Iceland for power 
gi'iientlioii and space heating. Recent and proposed projects will go 
.. operation in Mexico, New Zealand, the Belgian Congo, and California. 

I'^igure 28-7/^ shows the schematic layout of plants at Lardarello, Italy. 
Hti-mn is tapped from drilled v^ells and passes through a drum to separate 
111 1 1 n ioi.sture. From here the dry steam enters tui'bines. The steam 
lit'iogH with it valuable chemicals, some of boron base, that are recovered 
from the entrained moisture and the condensate. Plants in this area 
liiiv(i been running since 1910, showing the inexhaustible nature of the 
(UK'rgy Hupply. 

28-9. Thermonuclear Energy. Science works earnestly today at 
Ijyiiig to learn methods of fusing the light elements to release nuclear 
energy. The fusion process releases the enormous amount of energy 
radiutiul by our sun and stars. Astrophysicists estimate that the tern- 


















































Fig. 28-7. (a) Steam vents, geysers, and hot springs receive their heat deep under¬ 
ground from boiling or crystallizing magma; (b) geothermal power plant needs steam 
drum for separating moisture and solids, turbine generator, main condenser, cooling 
tower, and their auxiliaries. 
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perature in the center of our sun is of the order of 30,000,000 F, where the 
plasma has a density of about eighty-five times that of water. 

To run a fusion reactor on earth, our scientists estimate that we shall 
have to run plasmas at temperatures of about 700,000,000 F and with 




Fig. 28-8. (a) Conjectural arrangement of fusion power reactor to control plasma, 
using deuterium as fuel and heavy current to form magnetic bottle. Coolant receives 
heat energy by radiation from plasma, (b) Cross-sectional view. 

very low densities. As of this writing, scientists estimate that they have 
reached temperatures of about 10,000,000 F for durations of about 
1 ^tsec. This compares with an ''ignition” temperature of about 100,- 
000,000 F needed by an earth-bound fusion reactor just to start releasing 
energy. 

Fusion reactions would use deuterium (D or H^) and tritium (T or H®); 
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both are isotopes of hydrogen. Deuterium can be found in natural 
waters, but tritium must be man-made in fusion reactors. 

iH^ + = 2 He^ + neutron + 3.3 mev energy (28-6) 

iH^ + + 4 mev energy (28-7) 

iH^ + iH^ = 2 He^ + neutron + 17.6 mev energy (28-8) 

where mev is the abbreviation for million electron volts. Energy and 
tritium may also be reproduced from the reaction 


sLi® + neutron = 2 He^ + iH® + 4.8 mev energy 


(28-9) 
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Limited supplies of lithium make deuterium reactions the more likely 

source of tritium. To put the energy 
values in scale, note that 1 mev per 
]Oxygen * nucleon = 41.1 X 10® Btu per lb. 

This compares with realizing about 
13,000 Btu from the chemical com¬ 
bustion of 1 lb of coal. 

Fusion reactions take place in a 
plasma, a mixture of independent 
light-element nuclei and electrons, a 
form of ionized gas. Passing an elec¬ 
trical current through the plasma sets 
up a magnetic field, or “bottle,” that 
compresses the plasma into a small 
thread and holds it (Fig. 28-8). This 
'pinch effect is one method of control¬ 
ling and heating the plasma so that 
the* nuclei may fuse and release en¬ 
ergy. The resistance heating of the 
electrical current will also raise plasma 
temperature. 

While X rays and gamma rays 
would be released during the reaction, 
the wastes of the reaction, largely 
helium, would not be radioactive, or 
only weakly so. Several approaches 






Ionic 

, conductivity 


External circuit 
Fig, *28-9. Fuel cell uses hydrogen and 
oxygen flowing through porous elec¬ 
trodes to react with electrolyte and 
produce electrical current through 
outer connected circuit. Cell works 
continuously as long as hydrogen and 
oxygen are supplied as fuel. 


to compressing and heating a plasma are being studied. 

28-10. Fuel Cells. These devices convert chemical energy directly to 
electrical energy. Figure 28-9 shows one form of these cells in schematic 
form. Hollow, porous, chemically treated carbon electrodes are immersed 
in a KOH electrolyte confined in a sealed cell. 

The electrodes receive the entering hydrogen and oxygen streams and 
conduct the electrical current produced to the external circuit. Cell 
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reactions releasing the electrons to the external circuit are essentially 

O 2 + 2 H 2 O = 40H- - 4e- (28-10) 

2 H 2 + 40H- = 4 H 2 O + 4e- (28-11) 

The entering gases diffuse through the porous carbon to the surface of 
the electrolyte. At the hydrogen electrode the electrochemical reaction 
with the electrolyte releases an electron that enters the electrical circuit. 



0 10 20 30 40 50 60 70 80 90 100 

2 

Current density in amps/ft 


Fig. 28-10. Variation of fuel cell voltage with current density and gas pressures. 
Cell works at about 150 F temperature. 

The electron flows through the external circuit as part of the current and 
returns to the cell at the oxygen electrode, where the electrochemical 
reaction of the oxygen and the electrolyte has produced a deficiency of 
electrons. 

A concentric tube cell has been developed with the electrolyte in the 
annular space. The cell works at ambient temperature and pressure 
and has continuous life. Conversion efficiencies vary with operation 
but may be as high as 70 per cent. The conversion efficiency may be 
estimated by 

n, = ^X 100 (28-12) 

where rjc = conversion efficiency, % 

V = cell voltage 

Cell output can be raised by increasing the gas pressure; higher outputs 
vary directly with pressure. Figure 28-10 shows the variation of cell 
voltage with current density and gas pressure. Cells can be connected 
in series to produce the needed voltage, but the current depends on the 
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physical size of the cell. Fuel cells work best for high-current and low- 
voltage applications. Work to date indicates an optimum size of about 
1 cu ft per kw. Fuel cells hftve driven a tractor experimentally. 

Hydrogen gas may be obtained from generators using calcium or 
lithium chloride, by catalytic cracking of ammonia or hydrocarbons, 
or as a by-product from some processes. Oxygen may be used from the 
air, or from decomposition of peroxides, or pure. About 12.5 cu ft of 
oxygen and 25 cu ft of hydrogen at standard pressure and temperature 
are needed per kilowatthour of energy. 

28-11, Thermoelectric Power. In 1822 the German physicist Seebeck 
discovered that a loop of two dissimilar metals developed an emf when the 
two junctions were kept at different temperatures. This effect has long 
been used in thermocouples to measure temperatures. This phenomenon 
offers one method of producing electrical energy directly from the heat 
of combustion, but its thermal efficiency is of the order of 1 to 3 per cent, 
not very attractive except for very special small power applications. 

The basic simplicity of this method of electric-power production has 
encouraged research to find materials that might work more efficiently. 
Much of the study has centered on the semiconductor class of materials 
that stand midway between electrical insulators and conductors. The 
material in addition to working with reasonable efficiency must also be 
able to withstand high-temperature service. Encouraging results have 
been obtained with ceramic-type materials made of semiconductors 
“doped^^ with materials to increase their.conductivity to a level about 
halfway between semiconductors and metal conductors. 

These materials, known as mixed-valence metals, include materials 
such as manganese, iron, cobalt and nickel treated with oxygen, sulfur, 
selinium, and tellurium. Researchers report efficiencies of the order of 
8 per cent and confidently expect to develop materials that would work 
at 20 per cent thermal efficiency. They envision the probability of 
developing peak-load power stations with capacities of the order of 
100,000 kw. If these stations can be built at a low capital investment, 
they would be highly acceptable for that duty as well as for emergency 
stand-by service or even for base load service, where fuels are very cheap. 

28-12. Thermoionic Converter, Another form of direct conversion of 
heat energy to electrical energy has been achieved in the thermoionio 
converter (Fig. 28-11). This consists of two electrodes held in a container 
filled with ionized cesium vapor. Heating one electrode ^^boils out'' 
electrons that travel to the opposite, colder electrode. The positive ions 
in the gas neutralize the space-charge effect of the electrons that 
normally impedes electron travel through a gas. Connecting the two 
electrodes through an external circuit permits an electrical current to 
flow. 
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Reported efficiencies of these types of tubes is of the order of 8 per cent, 
but researchers expect to produce units working at thermal efficiencies of 
30 per cent. At this efficiency the emitting cathode will be sized at 
!00 sq cm for a 1-kw output. Potential will be d-c at about 2 to 3 volts. 
The present cathode is heated to 2500 F. Theoretically these units 


Meto! anode collects electrons 



Electric flow 


^ lonlied gas 
cancels space 
charge effect 

Electrons %olled out'" 
of hot cathode 


Load 


^Meta! cathode emits elecfrohs 


Heat Input 


Fig. 28-11. Thermoionic converter has catiiode receiving heat that boils out electrons. 
These migrate to cooler anode collector and flow through outer circuit to develop 
electric power. Ionized gas offsets space-charge effect that tends to repel migration 
of electrons. 


could be connected in series or parallel for different plant voltages and 
capacities. 
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CHAPTER 29 


THE GENERAL ECONOMIC PROBLEM 


29-1. Economics. Engineering thermodynamics emphasizes the maxi¬ 
mum efficiency that can be theoretically obtained for given conditions 
in a power-producing cycle. Unfortunately this emphasis often gives 
the student a strong bias in favor of the most efficient equipment in 
his attempts to apply theoretical principles to practical conditions. 
From the broadest viewpoint a power-producing system is only an 
accessory device needed to serve some human need such as the manu¬ 
facture of an article or the supply of light and heat or to enable the 
functioning of transportation and communication systems. These 
ultimate objectives the designer must strive to serve with maximum 
effectiveness. The effectiveness is measured financially. When the 
total over-all monetary cost of energy service required to meet the ultimate 
needs has been brought down to an irreducible minimum for the particular 
circumstances, the power-system designer has fully performed his func¬ 
tion. The thermal efficiency of a plant is only one factor of many that 
determine the final energy cost. In the vast majority of cases the most 
efficient plant thermally is not the economic one. 

As in all engineering economics, the principles of power-system eco¬ 
nomics use certain well-established techniques in making the most suitable 
single selection of a host of available alternatives. Although only the 
supply of electrical energy will be considered in this treatment, keep in 
mind that the basic methods can be applied to any of the other forms of 
energy conversion and distribution systems, such as manufactured gas, 
steam, compressed air, and refrigeration. 

29-2. Cost of Service. Energy-supply problems may be broadly classi¬ 
fied as follows; (1) erection of an entirely new energy system, (2) replace¬ 
ment of an existing energy system, and (3) extension of an existing energy 
system. A variety of physical ways may satisfy each type of require¬ 
ment, and the designer must select the most economic one. In studying 
each solution of a particular problem the various costs incurred must be 
estimated. Initially there will be the cost covering the purchase, 
installation, and erection of the power-system equipment. This cost, 
incurred only once during the life of a simple project, is often referred 
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to as the capital of the enterprise and in turn leads to costs that are 
incurred annually during the life of the project. These latter costs are 
termed investment charges^ or fixed charges and consist of interest, taxes, 
insurance, and depreciation or amortization. The individual fixed 
charges may remain substantially constant from year to year. 

In addition to the above, annual operating costs must be met. These 
cover expenditures for fuel, labor, repairs, supplies, supervision, and 
certain taxes. The operating costs of a system are generally variable 
in magnitude and depend on the amount of energy produced. 

These costs of diverse natures must be reduced to a basis upon which 
they can be easily compared for the various alternatives. Several such 
bases are in common use, the one selected depending (1) on the behavior 
of the periodic costs during the life of the project and (2) on the ease of 
interpreting results. These methods of comparison will be discussed 
after the nature of the individual costs has been studied. 


INVESTMENT CHARGES, OR FIXED CHARGES 

29-3. Cost of Money Use—Interest. When a person lends some of his 
funds to a borrower for the latter's use, he deprives himself of the oppor¬ 
tunity to apply those funds in satisfying an immediate personal want. 
Furthermore, the lender risks the safety of the funds since he cannot 
supervise their application by the borrower. Some inducement must 
be offered the lender by the borrower to compensate for these two incon¬ 
veniences. This inducement usually is made by returning to the lender 
a greater amount than was originally loaned. 

The difference between the amount returned and the loan is the 
interest or the cost of money use to thS borrower. Payment of interest 
by the borrower is possible only by using the funds in some productive 
enterprise, i.e., the combination of the borrower's efforts and initiative 
plus'the borrowed funds creates value in some commodity or service. 
Selling this commodity or service enables the borrower to pay all his costs, 
recover the borrowed funds, and in addition pay the interest on them. 

Interest is expressed in terms of a rate, i.e., an interest rate. A 
12-month period is the common time basis. Thus if $100 is borrowed at 
the beginning of a 12-month period and $105 is returned at the expiration 
of the period, the interest is $5 and the interest rate is $5/$100 = 0.06, 
or 5 per cent per annum. Normally the expression “per annum” is 
omitted, and any interest rate expressed simply as a percentage is under¬ 
stood to apply to a 12-month period. 

29-4. Interest Applications. There are several ways of paying interest 
on a loan that extends over a period of years. Necessarily the interest 
payments are closely associated with the scheme adopted to repay the 
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original loan. These plans are best illustrated by numerical examples. 
Consider a loan of $100 made for a 5-year period at 4 per cent interest 
rate. The loan may variously be termed the 'principal or investment. 
When the loan is repaid only at the expiration of the 5-year period, two 
methods of interest payment may be adopted. The simpler requires 
payment of the $4 interest to the lender at the end of each year. Table 
29-1 shows the schedule of payments over the life of the loan for this 
scheme. Under this schedule the lender receiving the $4 interest pay¬ 
ment may invest this sum in some other enterprise and in turn earn 
interest or a return on it. 


Table 29-1. Schedule of Payments on $100 Loan at 4 Per Cent Interest 
FOR 5 Years, No Periodic Repayments of Loan. 

Annual Interest Payments 


End of 
year 

Amounti of 
loan owed 

Repayment 
on loan 

Payment 
of interest 

Total year-eiiii 
payiueni 

0 

$100 




1 

100 

0 

14 

$4 

2 

UK) 

0 

4 

4 

3 

100 

0 

4 

4 

4 

100 

0 

4 

4 

5 

100 

um 

4 

104 

Total. 


SHW 

$20 

$120 


In lieu of this method the borrower may be permitted to retain the 
interest to use in his enterprise and earn additional interest thereon. At 
the end of the loan period the borrower pays one lump sum to the lender, 
including the original sum borrowed, the annual interest earned on the 
original loan, and the interest earned on the annual interest earned. 
This method of placing a loan is commonly termed investing at compound 
interest. Table 29-2 illustrates the schedule of payments of $100 lent 
for a 5-year period at 4 per cent interest, compounded annually. 

A comparison of Table 29-1 with Table 29-2 shows that the interest 
actually paid out by the borrower to the lender is $1.67 more for the 
compound-interest scheme over the life of the loan. This represents 
the earnings of the annual interest retained in the borrower's business. 
From the lender's viewpoint either scheme will yield the same total 
earnings since, theoretically at least, he can reinvest the annual interest 
payments to earn the increment of $1.67. From the borrower's view¬ 
point he can accept the compound-interest plan only if his enterprise 
is capable of expansion in which the annual interest can be invested. 
If such expansion is not inherent in the business, he will elect to pay 
the interest annually. 
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Frequently part of the original loan is repaid periodically so as to dis¬ 
tribute the amount as a more or less uniform annual expense. This 
periodic repayment of the original loan or principal is commonly termed 
the amortization” of the loan or principal. The two most common 
schemes are calculated (1) to pay equal parts of the loan each year or 


Table 29-2. Schedule of Payments on $100 Loan at 4 Per Cent Interest 
Compounded Annually for 5 Years. No Periodic Repayments of 
Loan. No Annual Interest Payments 


End of 
year 

Amount of 
loan owed 

Repayment 
on loan 

Payment 
of interest 

Total year-end 
payment 

0 

$100 00 




1 

104.00 

' 0 

0 

0 

2 

108,16 

0 

0 

0 

3 

112.49 

0 

0 

0 

4 

116,99 

0 

0 

0 

5 

121.67 

$100 

$21.67 

$121.67 

Total. 


$100 

$21.67 

$121.67 


period with varying total interest payments or (2) to pay equal sums for 
each year of the life of the loan so that at the expiration date all interest 
and the original loan or principal have been paid back. Table 29-3 illus¬ 
trates the first scheme using uniform amortization payments of a loan 
of SI00 at 4 per cent interest for a period of 5 years. 

Table 29-3. Schedule of Payments on $100 Loan at 4 Per Cent Interest 
FOR 5 Years. Equal Periodic Repayments of Loan, Varying Annual 

Interest P?Iyments 


End of 

. year 

Amount of 
loan owed 

Repayment 
on loan 

Payment 
of interest 

Total year-end 
payment 

0 

$100 




1 

100 

$ 20 

$ 4.00 

$ 24.00 

2 

80 

20 

3.20 

23.20 

3 

60 

20 

2.40 

22.40 

4 

40 

20 

1.60 

21.60 

5 

20 

20 

0.80 

20.80 

Total. 


$100 

$12,00 

$112.00 


A comparison of the three tables will show that the interest payments 
are a minimum for the last. This is readily explained by the reduction of 
the outstanding unpaid balance of the loan as time progresses. 

Table 29-4 illustrates the schedule for the second scheme of amortiza¬ 


THE GENERAL ECONOMIC PROBLEM 


549 


tion resulting in uniform total annual payments. In Table 29-4 interest 
payments exceed those of Table 29-3 by 30 cents. This is caused by the 
less rapid reduction of outstanding unpaid balance of the loan as time 
progresses. Although the borrower makes a greater total repayment 
over the life of the loan by making uniform total year-end payments, this 
disadvantage is offset by the convenience of making smaller payments 
in the early life of the loan. 

Table 29-4. Schedule of Payments on $100 Loan at 4 Per Cent Interest 
FOR 5 Years. Varying Periodic Repayments of Loan. Varying 
Annual Interest Payments. Uniform Total Annual Payments 


End of 
year 

Amount of 
loan owed 

Repayment 
on loan 

Payment 
of interest 

Total year-end 
payment 

0 

1 

$100.00 

100.00 

$ 18.46 

$ 4.00 

$ 22.46 

2 

81.54 

19.20 

3.26 

22.46 

3 

62.34 

19.97 

2.49 

22.46 

4 

42.37 

20.77 

1.69 

22.46 

5 

21.60 

21.60 

0.86 

.22.46 

Total 


$100.00 

$12.30 

$112.30 


In these tables four different schedules of total year-end payments 
are shown for a loan or principal of $100, an interest rate of 4 per cent, 
and for the period of 5 years. In any of the schedules it may be said 
that they have a present worth of $100 at 4 per cent interest. This 
concept of present worth of a uniform series of payments, a varying series 
of payments, or lump-sum payment in the future all being equal at a given 
interest rate is an important tool in making economic comparisons. 

29-5. Financial Mathematics. Although in most practical business 
dealings interest is paid annually or oftener, the concept of compound 
interest, i.e., reinvesting interest to earn interest, is of great importance 
in economic evaluations. Standard formulas for compound-interest 
calculations have been developed and are in common use. With given 
interest rates and loan periods we often wish to determine: (1) the sum 
of money accumulated at the end of the period for a given sum invested 
now; (2) the inverse condition, the present value or worth of a sum avail¬ 
able at some future date; (3) the accumulation of a series of periodic 
payments or investments; (4) the inverse condition, the periodic pay¬ 
ments required to provide a given future sum; (5) the annual payments, 
or annuities, that will be received for a given sum of money invested 
now; and (6) the inverse condition, the present worth of a future schedule 
of payments. 

To determine the sum accumulated at the end of a given period of 
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years for a given sum invested now at interest compounded annually, 

9 • • • J 

F = principal, investment, or amount of loan at beginning of period, 
dollars 

^ = accumulated sum at end of period, dollars 
i = annual interest rate, expressed as a decimal 
n = length of period, years 
Then, at the end of first year, 

= P + = P(1 + i) 

at the end of second year, 

^2 = P (1 + i ) + ^*^(1 + i ) = ^(1 + i )" 

at the end of third year, 

^3 = p(i + iy + iP{i + iy = P(i + if 

From this it becomes evident that, at the end of the nth year, 

S = F(1 + 

It follows that 


(1 + iY 

Example 29-1. What will be repaid at the end of 15 years to the person who lends 
$120 at 4 per cent interest compounded annually? 


Solution 

S = P(1 + iY 
= 120 X 1.0416 
= 120 X 1.8(fl = $216.12 

Example 29-2. What is the present worth of receiving $1,000 twenty years from 
now if money can earn 5 per cent interest compounded annually? 


Solution 


P = 


S 


(1 + iy 
1,000 
1.0520 
1,000 ^ 
2.653 


$376.93 


Interest is often paid or compounded more frequently than once A 
year. If m is the number of times a year that interest is paid, then 

/ V \ '"i”’ 


* For tabular values of (1 + t)”, see Appendix Table 14. 
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Example 29-3. Find the accumulation of $100 invested for 20 years at 6 per cent 
interest if: 

a. Interest is compounded annually. 

b. Interest is compounded semiannually. 

c. Interest is compounded monthly. 

Solution 

( V \ mn 

i+y 

s = ioo(i + ^«y"^“ 

= 100 X 1.0620 = $320.70 

/ On6\2X20 

b. S = 100 M +^) 

= 100 X 1.03^0 = $326.20 

/ 0 06X12X20 

c, s ^ roo(i -f 

= 100 X 1.0052^0 = $331.00 

To determine the sum accumulated at the end of a given period of years 
for a series of loans or investments of equal magnitude made annually, let 

A = investment made at end of each year for n years 

Then, accumulation of first year’s investment is 

A(1 + 

accumulation of second year’s investment is 

S2 = A(i + iy-^ 

accumulation of third year’s investment is 

s, = A{i + iy-^ 

and so forth, till n — 2 years’ investment is 

Sn-2 = A(1 + 

accumulation of n — 1 years’ investment is 

aSti—1 = A(1 + l) 

accumulation of nth years’ investment is 


and total accumulation is 


Sn = A 


s = A[i + (1 + i) + (1 + + * • • + (1 + iy~^ + (1 + iy~^] 

Multiplying both sides by 1 + z, 

(I + i)S = A[(l + i) + (1 + iy + (1 + iy 

+ • • • + (1 + iy-^ + (1 + iy] 
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Subtracting the two equations from each other, 

tS =,A[{1 + f)" - 1] 
„ . (1 + f)" - 1 

Then (S — A- 


By transposing this equation, the annuity A required to yield a given 
sum (S in a sinking fund is 

.V,-' d = S l ] 

From the relationship of the principal P and the accumulation S the 
present worth of a series of constant annuities A may be readily estab¬ 
lished as follows: 


A = S 


(1 + ir - 1 


= p(i + 


(1 + f)" - 1 


Citt!’ = P 

/ ■ 

^ (f n (f f ^ ^ ' 

which may be interpreted as the constant annuity that may be pur¬ 
chased for n years by investing P now at i interest rate. Then the 
present worth of the series of‘annuities will be 


■_ i_ _ It 

_1 - (1 + f)-"_ 


C'' 


- r- ^ + 0 


% 


An important identity that should be noted is: 


A=P 


f _ p _^_ 

1 - (1 + f)-"J , L(i + 1 


+ i 


That is, the two bracketed terms are equal, the right-hand term being 
the sum of the fractional coefficient used to determine A for a given 
value of aS and the interest rate. In other words, the annuity A is the 
annual year-end payment that will repay the total amount P originally 
loaned, plus the interest earned thereon. 


Example 29-4. How much must be deposited at the end of each year in a sinking 
fimd for 15 years to accumulate $1,000 if interest is at 5 per cent? 


Solution 


A = S 


(1 + - 1 

= 1,000 X 1 0516 _ 1 
= 1,000 X 0.04634 = $46.34 


* For tabular values of f/[(l -|- i)” - 1], see Appendix Table 15. 
t For tabular values of i/[l - (1 -b see Appendix Table 16. 
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Example 29-6. If $50 were deposited at the end of each year for 12 years in a sink¬ 
ing fund earning 6 per cent, what would be the total accumulation? 


Solution 


(1 + 0" - 1 


= 50 X 


1.0612 - 1 


0.06 

= 50 X 16.870 = $843.50 

Example 29-6. Find the uniform year-end payment that will repay a present loan 
of $500 at an interest rate of 4 per cent in 20 years. 


Solution 


A = P 


1 - (1 + i)-^ 

0.04 


^ 1 - 1 . 04-20 
= 500 X 0.07358 = $36.79 

Example 29-7. What is the present worth of $200 received at the end of each year 
f(U' 10 years if money earns 3 per cent interest? 


Solution 


P = A 


1 - (1 + i)-- 


1.03- 


^ 0.03 

= 200 X 8.530 = $1,706 


29-6. Nominal and Effective Interest Rates. Corporate bonds are 
UHually issued at face values of $1,000 with a stated nominal interest 
riitc based on the face value. Coupons are attached to the bond and, 
upon presentation to the issuing corporation, will be honored by payment 
(►f interest due for the current period. Usually the interest is payable 
Hciniannually. Although the value of the interest is fixed, the rate of 
liibu'cst that the purchaser receives is usually different from the nominal 
rule, whereas the rate of interest the seller pays is usually higher than 
oil lusr of the former, as demonstrated in the following discussion. 

If a $1,000 bond carries coupons valued at $20, each payable semi- 
iiimually for a period of 10 years, the nominal interest rate is 4 per cent. 
However, in floating the bond issue the corporation usually receives 
leHM than the face value from the bankers who market the securities. 
The investment bankers in turn sell the bonds to the public at a price 
higher than they paid the issuing corporation and so cover their costs and 
gait I a profit. Depending upon the availability of investment funds, 
iJie final selling price of the bonds may be more or less than the face 
value, usually less. Besides selling the bonds below face value, a cor¬ 
poration incurs expenses in preparing the bond issue such as engraving, 
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accounting, registration, and legal fees. Furthermore the mechanics of 
paying the semiannual interest incur periodic expenses which further 
reduce the net amount that may^e employed directly in the corporation's 
production activity. 

Thus, in the bond mentioned, the price paid by the investment bankers 
may have been $920 and they in turn sold it for $960. The initial selling 
expense of the corporation may have been $20 so that it nets $900 for 
investment in its production activity. In addition, the bookkeeping 
and distributing cost of paying the interest may be as much as $2 per 
coupon. From the purchaser's viewpoint he has paid $960 for a promise 
to receive $20 every 6 months for 10 years and $1,000 at the end of 
10 years. From the corporation's viewpoint it has received $900 for 
which it promises to pay $22 every 6 months for 10 years and $1,000 at 
the expiration of that period. 

To determine the interest rate for each party to the bond, it is necessary 
to set up the present-worth equation and solve for i by trial and error. 
Thus, for the final purchaser of the bond, 




( 1 +.•)• 


where the interest rate per period is greater than 2 per cent and there are 
20 periods, then, 


960 = 20 X 


1 - (1 + 
i 


1,000 
(1 + 


Solving, 


i = 0.0226, or 2.26%, every 6 months, or 4.52% annually 

That is, the purchaser receives 4.52 per cent interest for his investment 
though the nominal coupon rate is 4 per cent. 

Examining the cost of the money to the corporation. 


900.= 22 X 


1 - (1 + i )-^^ 1,000 

i (1 + iy^ 


Solving, 

i = 0.0286, or 2.86%, every 6 months, or 5.72% annually 


The great difference that may exist in the interest rate becomes readily 
apparent. Though both parties are concerned with the same security 
having a face-value interest rate of 4 per cent, the lender earns 4.52 per 
cent and the borrower spends 5.72 per cent. 

29-7. Investment. An initial capital outlay must be made to buy the 
land and equipment comprising an energy-supply system as well as to 
assemble and install it ready for use. The money for this may he 
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acquired by the sale of stocks or bonds or both; or, in a private enter¬ 
prise, it may be taken from the personal funds of the owner. 

The sale of stocks in a business venture implies the sale of a share of 
ownership in the enterprise. Such diverse ownership shares, in propor¬ 
tion to the money paid for the stocks, in management, profit, and loss 
of the business. Stocks can be sold if the prospects for future annual 
returns or dividends are good and the integrity of the promoters of the 
enterprise is established. Usually the dividend must be at least equal 
to the best rate of return that can be obtained by lending the money 
(as by buying bonds) plus an additional amount to compensate for the 
risks of ownership. 

A bond sold by a business venture is a means of borrowing money 
by pledging the physical and financial assets of the venture as collateral 
or security. Thus the bondholders have first claim upon the earnings 
of a business. In years of high business activity this usually means 
that high dividends can be distributed to the stockholders; in times of 
low business activity the interest due the bondholders and the associated 
expense may absorb all the earnings and leave none for the stockholders. 
If for any extended period the earnings are insufficient to cover the bond 
interest, the business usually fails. 

In supplying energy either for a utility or for a private industrial 
enterprise the bond interest and dividends must be accounted for as 
part of the total cost of service. The situation is not different when the 
money to build a private power system is supplied from the personal 
funds of the owner. Theoretically the owner can invest the money 
used for construction of the plant in some other enterprise and earn a 
yield on such investment. It follows that the plant must show prospects 
of yielding an equivalent return or else its construction should not be 
undertaken. 

29-8. Depreciation eind Amortization. In general, man-made devices 
are impermanent; stated in another fashion, man-made devices depre¬ 
ciate. This deterioration, or depreciation, of equipment takes place 
as time proceeds. At any instant it is very difficult to determine the 
exact rate of depreciation, or the total amount of depreciation since 
installation of the equipment. Many factors influence the depreciation 
of capital equipment, but in general they fall into five main categories: 
(1) life of the enterprise, (2) life of the equipment, (3) inadequacy of 
equipment, (4) obsolescence of equipment, and (5) requirements of public 
authority. 

1. In some instances the life of an enterprise may be curtailed, as 
when the demand for its products vanishes. Cessation of the demand 
may or may not be foreseen. In this case the capital equipment may 
be in excellent physical condition for the purpose for which it w^s needed. 
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If it can be adapted to serve other uses, it may be readily sold and thereby 
have a salvage value. If it cannot be adapted to other uses, its only 
value may be as scrap materials with a low salvage value. It has hap¬ 
pened that equipment with no salvage value incurs an expense in remov¬ 
ing it from its location. 

2. From the moment man-made devices are first completely installed 
they steadily deteriorate from corrosion, rot, and weathering as well as 
from the wear and tear of use. Depreciation from these causes can be 
remedied often by repairs. By a thorough program of preventive main¬ 
tenance it is possible to keep capital equipment equal to new, i.e., the 
depreciation to zero. Since various parts of a plant will have different 
rates of deterioration, the question of the rate of deterioration is com¬ 
plicated. Most authorities seem to agree that for economy studies the 
probable life of capital equipment is generally longer than should be 
assumed in placing the conclusions of such studies on a conservative 
basis. Where the life of equipment is taken to be indeterminate, some 
engineering organizations assume that the salvage value will just equal 
the cost of removal. This is a simplifying assumption and is justified 
in view of the uncertainties. 

3. Capital equipment becomes inadequate when the demands upon 
it exceed its capacity to produce. In this case new equipment may be 
added to aid in carrying the increased demands, or it may be necessary 
to remove the existing equipment and replace it with new and larger 
equipment capable of satisfying the new demands. This latter condition 
has frequently occurred in the history of power generation. 

4. A plant becomes obsolete when it can be replaced by one of more 
modern design which operates at a reduction in total annual costs. The 
reduction of costs may come about fr(5m better efficiency in the replace¬ 
ment plant or from deterioration of performance of the existing plant. 
For the former condition the obsolescence of an existing plant can be 
determined only by comparing its operating cost with an estimate of the 
total annual costs of a new plant, when such a new plant of improved 
design actually becomes available. If the performance of the existing 
plant is unaffected by use, then for a rapid rate of technological develop¬ 
ment the plant may possibly become obsolete in a very short time. This 
possibility of early obsolescence is often one of the chief reasons for 
assuming shorter lives for projects than the expected physical lives of 
the equipment involved. 

Regardless of the causes of depreciation it is evident that the capital 
of an enterprise must remain intact for financial stability and safety. 
When a plant becomes useless for any cause, funds should be in hand to 
build a new one, if circumstances warrant, or to reimburse the original 
sources of the capital. Ideally, at any instant during the life of an enter¬ 
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prise, the depreciated value of the plant plus the accumulation in the 
depreciation fund should equal the original invested capital. This is 
seldom attainable in practice. The major objective must still be ful¬ 
filled, however, and that is the* amortization of the invested capital funds. 
In practice the rate of amortization and the rate of physical depreciation 
are seldom precisely correlated. In accounting practice several methods 
are available to charge income with amortization of the capital funds or, 
as commonly stated, to allow for depreciation. These are usually 
designated as: (1) straight-line method, (2) percentage method, (3) sink¬ 
ing-fund method, (4) appraisal method, and (5) unit method. 

1. In the straight-line method the life of the enterprise or of the equip¬ 
ment (whichever is shorter) is estimated. The capital cost less the 
salvage value of the equipment is divided by the number of years of life, 
and this amount is deducted from income annually as amortization of 
capital funds. This method is the most common in application, prin¬ 
cipally because of its simplicity. 

2. The percentage method differs from the straight-line method in 
that, instead of uniform depreciation charges for all years, the deprecia¬ 
tion charges vary from year to year. This method assumes that the 
value of the capital equipment decreases by a constant percentage from 
its value of the previous year; the succeeding annual depreciation charges 
diminish progressively but never reach zero. Of course, the remaining 
capital value will reach an estimated salvage value. Included in this 
method are arbitrary tables of percentages that will vary the magnitude 
of the annual depreciation charges so that they will either progressively 
increase or diminish. 

3. The sinking-fund method is based on the conception that the annual 
uniform deduction from income for depreciation will, when invested 
at a given interest rate, accumulate to the capital value of the enterprise 
at the termination of the venture, or the end of life for the equipment, 
as the case may be. For this method, although the annual allowance 
is uniform it will be appreciably less than that calculated by the straight- 
line method. Though this method does not find very frequent applica¬ 
tion in practical depreciation accounting, it is the fundamental method 
used in making economy studies. This follows from the basic fact that 
any sums realized as amortization of the capital funds can (theoretically) 
be reinvested and yield a return. 

4. At the end of each year an appraisal is made of the value of the 
(sapital equipment, the difference in annual appraisals being then taken 
as the depreciation for the intervening year. This method is costly and 
impractical for properties of any magnitude and is not often applied. 

5. In the unit method some factor is taken as a standard and the 
depreciation measured thereby. Thus the total number of working 
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hours that the equipment or enterprise may be capable of during its 
entire life is first estimated. Dividing the capital funds by the number 
of hours will give the amount V capital consumed or depreciated per 
woi'king hour. Then each year this constant is multiplied by the number 
of actual workuig hours to arrive at the magnitude of depreciation for 
that year. Instead of working hours, the number of units of production 
may be used as the measuring standard. 

29-9. Disposal of Depreciation Charges. In the accounting procedure, 
depreciation is deducted from income and allocated to depreciation 
reserve. Depreciation reserve is mereb' an account that reflects the 
estimated decrease in value of capital equipment and does not neces¬ 
sarily represent a concrete sum of money set aside and available on call. 
As these annual sums are taken out of income or revenue, they are 
recorded in the depreciation reserve but must be disposed of either by 
retaining them in the enterprise or by reimbursing the sources of the 
capital funds. 

These sums are retained in the business when invested in capital 
equipment either by expansion of the plant or by replacement of worn- 
out equipment. This is the usual procedure if the business has any 
possibility of continuing indefinitely. 

Where capital funds have been obtained by bond issues, it is some¬ 
times requii'ed to establish sinking funds to guarantee repayment of 
principal of the bond at the time of maturity. Thus part of the deprecia¬ 
tion charges would be so invested annually. Another method of repay¬ 
ing borrow'ed funds has serially maturing bonds. In this procedure a 
given number of bonds determined i>y lot are redeemed at face value 
each year until the enthe issue has been retired. The bonds thus repur¬ 
chased represent the depreciation reserVe. 

29-10. Taxes. Taxes levied on an enterprise are many and quite 
diverse as to the basis used for computing them. The land upon which 
a plant stands is usually taxed at a rate depending upon its assosHod 
valuation, which is determined from its location with regard to certain 
natural and cultural advantages. The tax levied on the value of the 
capital equipment comprising the plant is usually known as a properly 
tax. Franchise taxes borne by a public-utility system in theory pay for 
the use of the public streets by its equipment. There are uumcroiw 
other forms of taxes such as social security, unemployment, income, 
excess profits, and sales. Some taxes depend entirely upon the magnitude 
of the capital funds, others on the volume of business, and still otlicr* 
on a combination of the two factors. Taxes that are a function ol capitHil 
investment only should be included in the investment churgesj otlior 
taxes should be charged to operating costs. 

Though there are numerous forms of taxes, their cost is often iTiultipllod 
by the existence of several taxing authorities, many of which will levy 
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(be same type of tax on an enterprise. Care should be used to satisfy the 
tax demands of town, county, state, and Federal authorities. 

29-11. Insurance. Every well-managed company carries some forms 
of insurance against accidents to equipment and personnel. Since the 
risks involved are diverse in nature, an insurance list is quite long. On 
it will be found fire, windstorm, hail, flood, earthquake, explosion, loss 
of use, public liability, workmen’s compensation, automobile, marine, 
i.itle, fidelity, forgery, credit, and many others. Iimurance is usually 
carried by conventional insurance companie.s, but if an enterprise is very 
large and has its properties scattered over a considerable region, it may 
often be self-insured. This is done by setting aside a reserve fund built 
up periodically out of earnings. An insurance fund of this type should 
not be confused with a depreciation fund. 

29-12. Total Fixed Charges. Initial expenditure of funds for capital 
(s|uipment incurs annual costs that must be met out of income. These 
iiiinual costs, for an enterprise that is not subject to expansion, remain 
largely constant from year to year, though they are subject to variations 
ill lax and insurance rates. The annual investm6n,t charges, or as they 
life mure commonly termed the annual fixed costs, are usually expressed 
ill 1-erm.s of a percentage of the capital cost. These pei'centages must 
be determined individually, as two cases are seldom alike. For any 
single company these percentages or fixed-charge rates must he redeter- 
iiiiiicd from time to time as the various component cost rates fluctuate or 
IIS (be possibilities of future changes in these rates present themselves. 

'I'lie component of the fixed-charge rate that represents the cost of 
money use depends on the proportion of capital funds obtained from 

•.. fi'id stock issues. An example will show how this component is 

computed. 

Example 29-8. Find the cost of money use for a business that has obtained 40 per 
ri'iil of its capital funds by a bond issue that costs it 4.6 per cent as an interest rate 
t.iiyiil.le every 6 months. The remaining 60 per cent of capital has been raised by a 
aliick issue on which earnings of 6 per cent payable annually are expected. 

Snhdhm. For every dollar of invested capital 40 cents must earn 2.3 per cent every 
II MiinilliH am] the remaining 60 cents earn 6 per cent every 12 months. The annual 
of the 40-ccnt portion are 

iSf - P = P(1 + i)n - p 

= 0.4 X 1.0232 - 0.4 = 0.4 X 0.0465 
= 0.0186, or 1.86 cents per year 

I III' 11.11 nual (‘arninKfi of the 60-cent portion are 

=“ il* — 0.06 X 0.60 = 0.036, or 3.6 cents per year 
riini lotal (‘arniiiKH that must be realized per dollar are 
= 1.86 4- 3.00 = 5.46 oontH 
Ml I he inteiTHt rate that muMt be realizi'd is 5.46 per ecMit. 
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The ratio of the annual depreciation to the capital invested is the 
depreciation rate. From the formulations already developed under 
Sec. 29-5, Financial Mathematics, as the sinking-fund method this is 

A ___ 

S ~ (1 + 0" - 1 


where A = annual depreciation charged against annual income, dollars 
S = value of capital funds that must be accumulated, dollars 
n = expected life of capital equipment or business, years ^ 
i = earnings rate or interest that investment of A will yield 

Example 29-9. Find the depreciation rate for a business that is expanding and is 
earning 5 per cent on its invested capital if the expected life of the equipment is 

15 years. 


Solution 


A 

S 


_ i _ 

(1 +- 1 
0.05 

1 . 05 ^® - 1 


0.0463 


Or if at the end of each year an amount equal to 4.63 per cent of the investment is 
reinvested in the business, the origiiial capital will be recovered at the time the equip- 
ment is worn out. 

The depreciation rate can also be determined from 


A 

P 


_ i _ 

1 - (1 -h 
0.05 

1 - 


0.0063 


In this formulation A represents the annuiltf that will both pay the 
interest rate and repay the original investment F during the ^ 

case, since f is 5 per cent, the rate of repayment of origin^ mvestment t^e ^ci 
ation must be = 0.0963 - 0.05 = 0.0463, or 4,63 per cent, the same as determined by 

the sinking-fund formula. 

Where income taxes apply, there is an increase m the cost of money 
use to realise a desired net rate of return. In most cases income taxes 
apply to the net income of an enterprise, i.e., that sum which is disburse 
to dividends and surplus. The cost of money use as an equivalent interest 
rate to be used in economic evaluations should always be calculated 
according to the form in which the income tax is appUed. 

Example 29-10. A corporation has obtained 30 per cent of its capital from bond 
issues costing 3 per cent annually and 70 per cent from a stock issue on which it is 
desired to maintain a 5 per cent annual dividend. If annual income taxes of 40 per 
cent of net income must he paid, find the over-all cost of money use for the corporation 
as an equivalent interest rate. 
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Solution. For income-tax purposes, bond interest is an operating cost and not 
subject to the tax, but the net income of the business must be distributed to income 
tax, dividends, and surplus. Assuming that the surplus is negligible, then each 
70 cents of $1 of capital to maintain a net 5 per cent dividend must pay 0.7 X 0.05 = 
0.035, or 3.5 cents annually. To pay the income tax in addition, however, it must 
earn 3.5/(1.0 — 0.4) = 5.83 cents annually. The remaining 30 cents of each SI 
capital must earn 30 X 0.03 = 0.9 cent annually. Then the total cost of money use 
is 5.83 -f- 0.9 = 6.73 cents per SI of capital, or an equivalent interest rate of 6.73 
per cent. 

In the practical field of power generation the total fixed-charge rate 
and its components as applied to power plants vary about as shown in the 
following tabulation. 


Interest. 

Taxes. 

Insurance... 
Depreciation 
Total. 


Per cent 


4^8 

2-5 

0.05-0.3 

1-5 

7-18' 


ANNUAL OPERATING COSTS 

29-13* Costs. The operation of a power plant incurs expenses that 
vary with the extent of operation or magnitude of output. However, 
some of these costs remain constant as long as the plant is in active opera¬ 
tion or is held in readiness to produce energy. These expenses are 
generally classified under the following headings: (1) fuel, (2) operating 
labor, (3) maintenance labor and materials, (4) supplies, (5) supervision, 
and (6) operating taxes. 

29-14. Fuel. The largest item of expense in the operation of a thermal 
plant is the original raw energy in the form of fuel. This may be in the 
form of coal, oil, natural gas, wood scrap, or by-products. Where several 
of these are available, it will require careful investigation and analysis to 
determine which is the most advantageous. The fuel cost varies with 
the amount of energy produced, the efficiency of the plant, and the unit 
price of fuel. 

29-15. Operating Labor. Supervision of equipment in a power plant is 
needed since no thermal plant can be made fully automatic. Although 
some hydraulic and gas-turbine plants are automatic in operation, they 
still require periodic inspection; operating labor is seldom completely 
eliminated as an item of expense. Great strides have been made in 
reducing the number of men required to operate a plant. This has been 
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caused by two principal factors: (1) the increasing application of auto¬ 
matic equipment and (2) the increasing capacity of the various equipment 
units. 

In a steam plant, labor is required for unloading and storing fuel and 
disposing of refuse. Men are needed for boiler operation, usually a 
crew to attend the combustion phase and another to attend the water 
being supplied the boiler. The operation of prime movers requires 
manual attention to start, stop, and watch over them during generation. 
Electrical switching and loading of the generators require another crew. 

In the plant with only a few units of equipment the labor cost is likely 
to remain constant for all ranges of energy production; a plant containing 
a greater number of units requires somewhat less labor when operating 
at reduced outputs for extended periods of time. A hydraulic plant or 
internal-combustion (i-c) engine plant of a capacity equal to a steam 
plant will require less labor by reason of the smaller number of units of 
equipment that require attention. 

29-16. Maintenance Labor and Materials. Any well-managed plant 
will generally follow a plan of preventive maintenance: inspecting, clean¬ 
ing, and overhauling apparatu.s on a regular schedule to forestall the 
possibility of breakdown during service. This item of expense is made 
up of two factors: materials used in making a repah and labor required 
t <3 effect it. Whenever a major repair or part replacement is required, 
it is a matter of arbitrary managerial policy whether it is charged to 
operating repairs or directly to the depreciaCtion account as a replacement 
of original capital. 

For purposes of estimating the maintenance of a proposed new plant, 
a review of the history of a similar jdant in an analogous situation is 
used whenever possible. When there is no information on this score, 
the best that can be done is to assume an arbitrary percentage of fuel 
costs or other operating costs that vary with extent of operation. 

29-17. Supplies. Supplies usually cover such items as water for 
make-up and general use, lubricating oils, water-treatment chemicals, 
tools, and wiping cloths. In general, any items that are not included in 
the categories of fuel or maiiitenajice are charged to the supplies account. 

29-18. Supervision. Supervision usually includes the salary of a 
station superintendent, chief engineer, chemist, and efficiency engineer. 
In some classifications this item also covers any materials that these 
men require. 

29-19. Operating Taxes, Operating taxes include those which depend 
upon the magnitude of output rather than upon the size of the invest¬ 
ment. These are taxes such as income, social security, and unemploy¬ 
ment. Depending upon general economic conditions, the operating 
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tax rate applied to operating costs may be three to four times as much 
as the tax rate applied to capital costs. 

29-20. Total Operating Expense. Operating expenses in general can¬ 
not be expressed as a percentage of the investment since they ^^dll vary 
widely with the type of plant, its geographical location, and the rate of 
output. The range of percentage analysis of the individual items based 
upon the total operating cost for large plants varies as in the following 
tabulation. 


Per cent 


Fuel. 75_85 

Labor. . . . 5-15 

Maintenance labor and materials. 5-20 

Supplies. 1-5 

Supervision. \-2 

Operating taxes. 0-10 


The range of analysis indicates that the fuel cost is the controlling 
factor in determining the magnitude of the total operating cost. 


METHODS OF ECONOMIC SELECTION 

29-21. Genera! Factors. When the total energy needed per year and 
the maxiniuin rate at which it will be demanded are known, the problem 
o( selecting the means of supply arises. Theoretically this could be 
done with steam turbines, steam engines, i-c engines, gas turbines, or 
hydraulic turbines. Without going into economic cost considerations, 
it may be possible to eliminate some of these alternatives on the basis of 
(jther controlling factors such as nonavailability of water-power sites; 
unit capacities too small for size of demand as in reciprocating steam 
and i-c engines; inability to obtain certain fuels at economic prices in a 
particular locality; or lack of large water supply as required for a con- 
<lerismg turbine. 

When narrowed down to one type of prime mover, the designer will 
be confronted with a wide variety of designs to choose from. The 
capital cost of the equipment usually increases with efficiency. In the 
case of a steam-turbine plant a choice may be made on the basis of a 
cycle such as a Rankine with steam-driven auxiliaries, or one to ten 
stages of regenerative feed heating, or a regenerative reheat. A choice 
also must be made on the basis of throttle pressure and temperature rang¬ 
ing anywhere from 200 psi, 500 F to 5,000 psi, 1200 F. 

In selecting steam-generator equipment a choice must be made in 
legard to air preheaters and economizers. The choice of firing equipment 
will depend upon the fuels available and their relative costs. 
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29-22. Annual Costs, As equipment is added to improve station cyolo 
efficiencyj the total investment increases and with it the annual fixed 
costs, as illustrated in Fig. 2^-1, the general relation being expressed by 

Cf = RP 

where Cf = annual fixed cost, dollars 

R = fixed charge rate, as a decimal 
P = capital investment, dollars 

Whereas investment increases with efficiency, the benefit of such 
increase will be realized in lower fuel costs. Labor requirements would 
probably be alike in most cases with some increase as equipment is added* 



Investment ~ Dollars 

Fig. 29-1. Relation between annual fixed cost and investment for constant fltcutl' 
charge rate. * 



Investment -Dollars 

Fig. 29-2. General relation between annual operating cost and invostmonti for allPf* 
nate plants. 
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Operating supplies and supervision costs will probably remain constant, 
but maintenance and repair costs are generally a function of the amount 
of fuel burned. The general trends of these individual items are illus¬ 
trated in Fig. 29-2. Co is the total of all the annual operating costs. 

To study the trend of the total annual cost C with investment, the two 
major component costs Cf and Co are plotted on a common graph as in 
Pig. 29-3. Adding these two components at any given investment deter¬ 
mines the characteristic of the total annual cost C, since C = Cf + Co. 



KiG. 29-3. General relation between components of total annual costs and investments 
hr alternate plants. 


At the range for the cheaper inefficient plants the operating cost is seen 
to l)c a major element in the total cost, whereas for the highly efficient 
plants the fixed cost becomes the major item. At some intermediate 
value of investment the total annual cost becomes a minimum. 

'I'he total cost becomes a minimum when the slope of the total-cost 
luirvci becomes zero, i.e., when 


Mild since 
Mien 

lieiK^e 



C = Cf+Co 
dC _ dCf dCo 

dP dP dP 

dCo _ dCf 
dP dP 


(»r when the slopes of the fixed-cost curve and the operating-cost curve 
hecoriKs equal numerically but opposite in sign. This does not happen 
lUMiessarily where the two cost components are equal. 

An enterprise can stay in business only if it sells its products at the 
lowest possible price. If the managers attempt to sell their products at a 


















566 


POWER ECONOMICS 


high profit or operate in an inefficient manner they soon find competitors 
entering the field and attempting to take their market away. Annual 
costs of a business and its inSome parallel each other; so aiming for 
minimum annual costs is the basic criterion for a successful business 
venture. 

In power-generation activities minimum annual costs are achieved by 
a proper balance of the fixed and operating costs. The fundamental way 
to compare alternate schemes of power production is to compare their 
total annual costs. 

Example 29-11. An industrial plant needs 50,000,000 kwhr of electrical energy a 
year with a maximum demand of 10,000 kw. These can be purchased from the local 
utility for $480,000 annually. As an alternate scheme the industry considers install¬ 
ing a 10,000-kw steam-turbine plant. TJie three plants of the following tabulation 
have been proposed; 



Plan A 

Plan B 

Plan C 

Throttle steam conditions: 

Pressure, psig. 

200 

400 

900 

Temperature, °F.-. 

550 

700 

850 

Station steam rate (full load), lb per kwhr. 

11.8 

10.5 

8.5 

Average station heat rate, Btu per kwhr. 

16,000 

13,500 

12,000 

Unit installation costs: 

Steam generator and auxiliaries, dollars per lb- 
hr capacity. 

4.08 

4.73 

6.45 

Steam turbine and auxiliaries, dollars per kw 
capacity. 

38.00 

42.00 

51.00 

Electrical equipment. . 

$200,000 

$200,000 

$200,000 

Structures and miscellaneous . 

$200,000 

$200,000 

$200,000 

Plant operators per shift. 

4 

4 

4 


The station will run 24 hr a day with operators working 8 lir per day and 5 days a 
week. The average annual salary for operators is $5,200. Repair costs are esti¬ 
mated to be 00 cents per ton of coal burned for all schemes. From past experience 
the designers have found that ultimate installed costs exceed original estimates by 
20 per cent: so tins aUowance is made as a contingency item. General operating 
supplies are estimated at 110,000 annually for all plans. Money earns at least. 6 per 
cent in this l>usinesa, winch is expected to continue indeftnitely, but the life of the 
plant is to be taken as 15 years. 

Taxes on real estate and property amount to 4 per cent, and the various ojwirating 
taxes add to 1 per cent of annual operating costs. Annual insurance premivmis equal 
0.2 per cent of all equipment costs. Fuel will be coal at $6.50 a short ton liaving a 
high heat value (HHV) of 14,200 Btu per lb. 

Determine which scheme is the economic one, assuming all have equal reliability. 
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Solution 

Boiler capacity 
Plan A 
Plan B 
Plan C 
Installed boiler cost 
Plan A 
Plan B 
Plan C 


(station steam rate) X (station capacity) 

11.8 X 10,000 = 118,000, say 120,000 lb per hr 

10.5 X 10,000 = 105,000, say 110,000 lb per hr 

8.5 X 10,000 = 85,000, say 90,000 lb per hr 
(boiler capacity) X (unit capacity cost) 

120,000 X 4.08 = $490,000 

110,000 X 4.73 = $520,000 
90,000 X 6.45 = $580,000 


Investment 

Plan A 

Plan B 

Plan C 

Boiler equipment. 

$ 490,000 

380,000 
200,000 
200,000 

$ 520,000 
420,000 
200,000 
200,000 

$ 580,000 
510,000 
200,000 
200,000 

Turbine equipment... . . .. 

Electrical equipment... . 

Structures and miscellaneous. 

Total estimated items. 

$1,270,000 

250,000 

$1,340,000 

270,000 

$1,490,000 

300,000 

Contingencies at 20 per cent. 

Total investment. 

$1,520,000 

$1,610,000 

$1,790,000 



Depreciation rate = ^ = 7 -—;— t ' = 0 04HT 
^ iS (1 d-f)" - 1 - 1 

Fixed charge rate = 0.06 0.0431 ~h 0.04 + 0.002 — 14.51% 

Fuel cost: « -t 'L-.. 4 

6.50 X 10 ® 

Unit fuel cost = 2 000 X 14 200 ” per million Btu 

Annual total fuel cost: 

0 229 

Plan A = X 50,000,000 X 16,000 = $183,000 
0 229 

Plan B = X 50,000,000 X 13,500 = $155,000 
0 229 

Plan C = X 50,000,000 X 12,000 = $138,000 
Operating labor cost; 


There are 21 shifts per week, and any one man works 5 shifts per week. Then each 
position requires 21 ^^ = 4,2 men to keep the post continuously manned. Assuming 
that operators are interchangeable in their posts, all plans will need 4 X 4.2 =16.8, 
or 17 men. 


Annual operating labor cost = 17 X 5,200 = $88,000 


Maintenance costs annually: 


Plan A = 
Plan B = 
Plan C = 


183,000 

6.50 

156,000 

6.50 

138,000 

6.50 


X 0.9 = $25,000 
X 0.9 = $21,000 
X 0.9 = $19,000 
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Annual operating costs 

Plan A 

Plan B 

Plan C 

Fuel. 

Operating labor... . 

Maintenance.... 

Supplies... 

$183,000 

88,000 

25,000 

10,000 

$155,000 

88,000 

21,000 

10,000 

$138,000 

88,000 

19,000 

10,000 

Subtotal. 

$306,000 

3,000 

$274,000 

3,000 

$255,000 

Operating taxes at 1 per cent. 

3,000 

Total annual operating costs. 

$309,000 

$277,000 

$258,000 


Total annual costs 

Plan A 

Plan B 

Plan C 

Utility 

service 

Investment charges at 14.5 per cent. 
Operating costs... ... 

$221,000 

309,000 

$233,000 

277,000 

$2et0,000 

258,000 


Total annual costs. 

”$^10,000 

'$510,000 

$518,000 

$480,000 


For the given conditions of fixed-charge rate and fuel costs, plan B incurs the least 
annual costs of the three station plans. However, since the utility supply can be 
obtained for less than any of the private-plant supplies, it would be the logical choice. 
In certain circumstances, even if the utility service cost $520,000, it might be selected 
in preference to the private-plant plan B. An industrial organization can usually 
make its greatest return by investing its capital funds directly in its main production 
facilities. Any money tied up in auxiliary equipment, such as power-generation 
apparatus, diverts capital funds from a possible expansion of the principal producing 
plant. Thus, in some instances the conclusions drawn strictly from a financial study 
may be modified by other practical considerations. 

If no utility service were available, plan B would undoubtedly be chosen for installa¬ 
tion. 

29-23. Influence of Fixed-charge Rate. The magnitude of the fixed- 
charge rate is controlled principally by the interest rate and the life span 
assumed. Economic comparisons and conclusions are necessarily influ¬ 
enced by the magnitude of these elements. In the foregoing example 
assume that the fixed-charge rate is 7 per cent instead of 14.51 per cent, 
and observe the effect on the results. 


Total annual costs 

Plan A 

Plan B 

Plan C 

Investment charges at 7 per cent. 

Operating costs. 

$106,000 

309,000 

$1I3,0(M) 

277,000 

$125,000 

258,000 

Total annual cost. 

$415,000 

$390,000 

$383,000 



The reduction in fixed-charge rate would be brought about by a smaller 
cost of money use, or a longer life span, or both. In this case plan C is 
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the optimum installation. Comparing these results with those of the 
previous example an important principle can be deduced: as the fixed- 
charge rate decreases, the plans involving higher capital investment are 
favored as optimum installations. In other words, as the cost of money 
use decreases or the life span of the investment increases, more money 
may be invested to secure greater over-all economy. This principle 
holds only when the annual operating costs of each alternative remain 
unchanged. 

29-24. Influence of Annual Operating Costs. For all practical con¬ 
siderations in thermal stations the value of the fuel controls the general 
magnitude of the annual operating costs. Thus its purchase price will 
have a controlling effect on the economic conclusions to be drawn from 
financial comparisons. In Example (29-11) assume that the coal cost is 
doubled to $13 per short ton, and observe the effect on the comparison. 


Total annual costa 

Plan A 

Pl an B 

Plan C 

Investment charges at 14.5 per cent. 

Operating costs with $13 coal . 

$221,000 

492,000 

$233,000 

432,000 

$260,000 

390,000 

Total annual costs. 

1713,000 

$1105,000 $050,000 


For this condition the plan requiring the highest investment again 
becomes the optimum of the three. From this a corollary principle may 
be deduced; as the cost of fuel increases, plans involving higher capital 
investment are favored as optimum installations. In other words, as the 
cost of fuel increases, more money may be invested to gain increased 
efficiency. This holds only when the fixed-charge rate is common to all 
schemes and remains constant. 

29-25. Rate of Return. Though the computation of total annual costs 
must be made in most cases and a comparison of total annual costs is the 
fundamental method of making economic comparisons, other methods 
have been developed of making these comparisons. Though expressed 
differently, the same answer must be obtained for all methods. A 
popular method treats the rate of return or interest rate to be realized 
from the various investments as an unknown. This method is best 
shown by an example. 

Example 29-12. Assume the same data as in Example 29-11 except that the utility 
service coats $530,000 annually. Then all the items of annual costs are computed 
except depreciation and interest. The difference between the utility-service cost of 
$530,000 and the annual costs that are computed represents a saving available for the 
annual interest on the investment and its amortization. These differences will be 
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representative of the annuity A and the investment will be the principal P. Then i 
will be solved for by trial and error from 


P 1 - (1 + i)-^ 


Mytion 



Plan A 

Plan B 

Plan C 

Utility 

service 

Annual operating costs... 

Annual taxes on capital... 

Annual insurance costs. 

Annual costs excluding interest and de- 

preciation. 

difference available for annuity A.... . 

Investment P . 

Ratio A/P . 

Rate of return i, per cent. 

$309,000 

61,000 

3,000 

$277,000 

64,000 

3,000 

$258,000 

72,000 

4,000 

$530,000 

Base 

$373,000 
$157,000 
$1,520,000 
0.1033 
6.4 

1 

$344,000 
- $186,000 
$1,610,000 
0.1155 
7.8 

$334,000 

$196,000 

$1,790,000 

0.1094 

7.0 


All plans yield a greater rate of return than the mininium interest rate 
of 6 per cent. First this means that it will be desirable to build one of 
these plants rather than purchase the energy at a cost of $530,000 a year; 
second, although plan B yields the maximum rate of return on the invest¬ 
ment, it seems that a very attractive rate of return can be earned on the 
higher hwestinent by plan C. The limit of investment is deteimined by 
that value where the last additional dollar invested earns at least the 
minimum rate of return desired, in this case 6 per cent. This method 
investigates the rate of return on increment investment It consists in 
applying the same principles outlined in the {preceding discussion but 
finding the return earned on the differences of investment for the various 
plans. 



Difference of plana 

B over A 

C over B 

Saving in annual costs, excluding interest and depreci 
ation, AA . . 

A i m i f o 1 ITlVP^fiTTl PTl t Ah' . ....... 

$29,000 

im),ooo 

0.3222 

31,7 

$ 10,000 
$180,000 
0.0556 
Negalivc 

AiidiLionai invcBtiiicAiu, . . 

Rato of return on increment investment,® per cent. . 


By trial solution for i from 


M ^ 

AP ~ P 1 - (1 + f)“" 
or iniorpolatinK in Appendix Table 10. 
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Although plan A showed a satisfactory return of 6.4 per cent, the 
additional investment of $90,000 for plan B earns the phenomenal rate of 
31.7 per cent, which raises the over-all return of plan B to 7.8 per cent. 
The additional investment of $180,000 for plan C over plan B does not 
earn even enough to amortize it, as indicated by the negative interest rate. 
This deficient return reduces the over-all return of plan C to 7.0 per cent 
Hence plan B is the optimum scheme for the given conditions. The same 
conclusion was reached by the total-annual-cost method. 

The importance of thoroughly investigating all possibilities in economic 
engineering is illustrated in the following. If Plan B had been overlooked, 
the return of the additional investment for C over A would have been 
as shown in the following tabulation. 


Saving in annual costs, excluding interest and depreciation, A A . $ 39,000 

Additional capital investment AP . . $270,000 

Ratio aA/AP .. 0.1445 

Rate of return on increment investment, per cent.. 11.7 


29-26. Return Available for Fixed Charges. This method is fre¬ 
quently applied since it eliminates the involved method of cut-and-try 
solution for the interest rate needed in the rate-of-return method. The 
fixed-charge rate is readily calculated from the desired rate of return and 
life of the project including, of course, the tax and insurance-premium 
rates. From the proposals studied the savings as a percentage of the 
corresponding investment that are available to meet fixed charges can be 
determined. It will again be necessary to study the rates for the incre¬ 
ment investment to arrive at the optimum scheme. This is illustrated in 
the following, using the same example as in the foregoing section. 


Solution 



Plan A 

Plan B 

Plan C 

Utility 

service 

Annual operating costs.. . . . 

Savings available for investment 

S 309, (H)0 

$ 277,000 

$ 258,000 

$530,000 

(^barges. , .. 

$ 22l,tK)0 

$ 253,000 

$ 272,000 

Base 

Investment ... 

$1,520,000 

$1,610,000 

$1,790,000 

0 

Ratio of savings to investment,® per 



14,6 

15.7 

15.2 


Increment savings. 

$;52,000 $ I9,0(K) 


Increment investment.. . 

$90,000 $180,0(H» 


Ratio of increment savings to incre¬ 





ment investment, per cent®. 

3 

;5.6 

10.6 



'* RatcH comparable to fixcd-chargc rate = 14.51 per cent. 
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Here again all the plant schemes show a greater availability of savings 
for investment charges than is basically required. However, the rate for 
the increment investment of C over B shows this added expenditure to be 
unprofitable. Hence plan B is the optimum one. This is the conclusion 
drawn from the previous methods of comparison. 

29-27, Justifiable Investment. This method is a variation of the 
return available for fixed charges. Here the savings available for invest¬ 
ment charges are divided by the fixed-charge rate to arrive at a justifiable 
maximum investment. The justifiable (maximum) investment is com¬ 
pared with the actual investment required for the given plan; if the actual 
investment is equal to or less than the justifiable investment, then the 
plan may prove satisfactory. Again the limit of investment must be 
determined. This is termed the justifiable added investment and is found 
by dividing the increment saving between alternate plans by the fixed- 
charge rate. If the actual increment investment is equal to or less than 
the justifiable added investment, then the higher-cost plan is acceptable; 
otherwise the added investment will not earn the required return. This 
method is illustrated by the example used in the preceding section. 



Plan A 

Plan B 

Plan C 

Utility 

service 

Annual operating costs... 

Savings available for investment 

$ 309,000 

$ 277,000 

1 258,000 

$530,000 

charges.. 

$ 220,000 

$ 253,000 

1 272,000 

Bate 

Fixed-charge rate, per cent. 

14.5 

14.5 

14.5 


Justifiable investment. 

$1,526,000 

$1,745,000 

f1,877,000 


Actual investment needed.. . 

$1,520,000 

$1,610,000 

SI,790,000 


Increment savings. . 

• 1 32 

,000 $ 19,000 


Fixed-charge rate, per cent. 


14.5 

14.5 


Justifiable added investment. 

1221,000 $131,000 


Actual increment investment needed.. . 

$ 90,000 $180,000 



For schemes A, 5, and C the actual investments needed are less than 
the justifiable (maximum) investments and hence appear to be satisfac¬ 
tory. The difference between these two items, however, varies for each 
plan: for A it is 15,000, for B $135,000, and for C 187,000. The optimum 
plan is revealed by comparing the justifiable added investments and the 
actual increment investments. For over A we can spend as much as 
$221,000 but actually only need $90,000. For C over 5, however, we 
can justify only $131,000 extra but actually need $180,000. Hence plan 
C is not relatively economical and plan B is the optimum scheme. This 
conclusion was also reached by the previous methods of comparison. 
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29-28. Present Worth, This method and the capitalized-cost method 
described in the succeeding section may be regarded as index methods of 
(jomparison. The preceding methods are all rational in their approach in 
that the figures are directly comparable with an actual expended sum of 
money. In the present-worth method all the annual costs expended dur¬ 
ing the life of the project or equipment are reduced to that sum which 
invested now at a given interest rate would yield an annuity equal to the 
Hcries of annual costs or expenditures. The usual interest rate is the one 
that measures the cost of money use for the enterprise. Letting t = the 
tax rate on capital equipment and j = the insurance rate, and since 


C = Cf + Co = RP + Co 


P + Co 


then the present worth of the series of annual expenditures C for n years 
is 




i + 


(1 + ir 


1 


+ ^ + J j ^ + Co 


= p + 


i/[i - (1 + iy-] 
{t -h j)P + Co 
i/[l - (1 + ^)-”] 


It follows that the scheme with the lowest present worth involves a 
minimum over-all expenditure during life and therefore would be the 
d(!sirable or optimum plan. This method is illustrated in the following, 
again using the data of the previous example. 


Solution 


i 

1 _ (1 + i)-n 


0.06 

1 - 1 . 06 - 1 ® 


0.103 



Plan A 

Plan B 

Plan C 

Utility 

service 

Annual operating costs. 

$ 309,000 

S 277,000 

$ 258,000 

$ 530,000 

Aniunil taxes on capital. 

61,000 

64,000 

72,000 


Annual insurance costs. 

3,000 

3,000 

4,000 


Antiual costs excluding interest and 
(l(ipro(!intion... 

$ 373,000 

S 344,000 

$ 334,000 

$ 530,000 

I'lCHont-worth factor. 

0.103 

0.103 

0.103 

0,103 

PicMcnt worth of costs excluding in- 
1 ,crest and depreciation. 

$3,620,000 

$3,340,000 

$:i,240,000 

$6,150,000 

Investment P . 

1,520,000 

1,610,000 

1,790,000 

0 

'I'ntiil present worth Wp . 

S5,140,000 

$4,950,060 

$5,030,000 

$5,150,000 
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Plan Bj having the minimum present worth, entails the least total 
expenditures over the life of 15 years and is therefore the optimum one. 
This is the answer obtained by l^he previous methods. 

29-29. Capitalized Cost. This method of comparison is very similar to 
the present-worth method. In the present-worth method, the assump¬ 
tion of a lump sum of money covers only the actual schedule of total 
annual costs to be met during the life span assumed. The fundamental 
criterion in the capitalized-cost method is that the enterprise will continue 
forever. Hence the annual costs will continue forever, and the initial 
investment P will have to be made at the end of every n years forever. 
The capitalized cost is that sum of money which would supply forever 
the infinite series of annual costs. Such a sum would be that one on 
which the annual earnings or interest would just cover the total annual 
costs of the enterprise as defined abovje. If Wc is the capitalized cost, then 


and 


iW. = 


i + 


W.=P + 


(1 +ir -1 

i 

.(] +i)- - i 


+ t+j 


P + Co 

P + C. 


As in the present-worth method, it follows that the plan with the lowest 
capitalized cost is the optimum one for the given circumstances. This is 
illustrated in the following, using the same data as in the previous 
demonstrations. 


Solution 



Plan A * 

Flan B 

Plan C 

Utility 

services 

Annual operating costs. 

$ 309,000 

$ 277,000 

S 258,000 


Annual'depreciation costs.. . 

66,000 

70,000 

77,000 


Annual taxes on capital.. 

61,000 

64,000 

72,000 


Annual insurance costs.. 

3, (WO 

3,000 

4,000 


Annual costs excluding interest. 

1 439,000 

$ 414, (WO 

$ 411,000 

$ 530,000 

Interest rate i . 

0,06 

0.06 

0.06 

0.06 

Capitalized costs of annual costs ex¬ 
cluding interest.. 

$7,310,000 

16,900,000 

16,850,000 

$8,833,000 

Investment P .. . 

1,520,000 

1,610,000 

1,790,000 

0 

Total capitalized cost Wc .. 

$8,837,000 

*8,517,000 

$8,640,000 

$8,8:^3,000 


Plan Bj having the minimum capitalized cost, entails the smallest 
annual costs and is therefore the optimum plan. Again this is the 
answer obtained by all the previous methods. 
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29-30. Summary. For easy use in problems given here and following 
chapters we collect here all the comparison methods just discussed; 

1. Total annual cost. 


C = Co 

= RP + Co 


i + 


(1 + iY - 1 




P Co 


where Co is made up of elements Coa + + Coc + ‘ * * + Coz^ 

The plan with the lowest annual cost C is the optimum. 

Note: In considering alternate plans, if any of the individual operating 

costs Coa,ob,oc . 03 are identical for all plans, it is not necessary to include 

them in the total cost C for all the plans, since partial totals without these 
equal costs will also determine the minimum cost plan. 

2. Rate of return. Solve for ^ by trial and error from 

A _ i 

P ~ 

where A = Q — [Co + P{t + j)] 

Q = total annual cost of some other alternate plan not requiring 
a comparable initial investment 

Plans with i equal to or greater than the minimum required i may be 
acceptable, provided that they pass the test of rate of return on increment 
investment summarized below. 

Note: All costs must be included in this method. 

3. Rate of return on increment investment. Solve for i by trial and error 
from 

AA _ i 

AP “ 1 - (1 -b 

where AA = [C^ + P'{t + j)] - [C'f + P%t + j)] 

AP = P" - P' 

The plan with the higher investment is acceptable if i is equal to or 
greater than the minimum required value of otherwise the plan with the 
lower investment is the optimum of the two. Where more than two plans 
are studied, the compairsons must be made between plans of successively 
higher investments. 

Note: (7^ need not include cost elements that are equal for both 

|)lans. 

4. Rate of return available for fixed charges. 


P 
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The plans with R equal to or greater than the required R may be 
acceptable, provided that they pass the test of rate of return available for 
fixed charges on increment investment summarized below. 

Note: All costs must be included in this method. 

5. Rate of return available for fixed charges on increment investment. 


R = 


C'o - C'J 

pff _ p/ 


The plan with the higher investment is acceptable if R is equal to or 
greater than the minimum required value of R; otherwise the plan with 
the lower investment is the optimum of the two. Where more than two 
plans are studied, the comparisons must be made between plans of suc¬ 
cessively higher investment. 

Note: and need not include cost elements that are equal for both 

plans. 

6. Justifiable investment. 

p ^Q-Co 

R 


The plan with justifiable investment P equal to or greater than the 
actual required investment may be acceptable if it passes the test of 
justifiable added investment summarized below. 

Note: All costs must be included in this method. 

7. Justifiable added investment. 


AP = 



ft 

o 


The plan with the higher investment is acceptable if the justifiable 
added investment AP is equal to or greater than P” — P' actually 
required; otherwise the plan with the lower investment is the optimum 
of the two. Where more than two plans are studied, the comparison! 
must be made between plans of successively higher investments. 

Note: C' C'J need not include cost elements that are equal for 
both plans. 

8. Present worth. 


= P + 


H~ j) + Co 
i/[l - (1 + 0-1 


The plan with the lowest present worth is the optimum. 

Note: Equal costs of all plans need not be included in this method. 

9. Capitalized cost. 


Wo 


P + 


i 

(1 + iy - 1 


+1 + j 
i 


P + Co 
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The plan with the lowest capitalized cost is the optimum. 

Note: Equal costs of all plans need not be included in this method. 


PROBLEMS 

29-1. Find the sum of money that would be accumulated in a 10-year period by 
Investing S500 at 4 per cent interest. 

20-2. Find the compound amount of S200 invested at 3 per cent for 5 years. 

20-3. Find the present worth of $1,800 twenty years from now if money can earn 
A per cent. 

20-4. What payment may be accepted now in lieu of a payment 15 years hence of 
3400 if interest is at 2 per cent? 

20-6. Find the present worth of $1,500 twelve years hence if 5 per cent interest is 
compounded quarterly. 

20-6. What is the accumulation in 8 years of $200 invested at 2.5 per cent com¬ 
pounded monthly? 

20-7. What is the present worth of $13,000 paid 100 years from now if the interest 
nite is 10 per cent? 

20-8. What interest rate was earned on an original loan of $1,000 if $1,708 was 
repaid 10 years later? 

20-0. If $100 is invested at 7 per cent, how many years will be required to triple 
original value? 

20-10. How much must be invested at the end of each year to accumulate $10,000 
at the end of 20 years if interest is at 6 per cent? 

20-11. What annual payment is justified in order to avoid spending $5,000 fifteen 
yt^ars from now if money earns 4.5 per cent? 

20-12. What is the accumulation of investing $50 monthly for 14 years if the nomi¬ 
nal interest rate is 8 per cent? 

20-13. What annual year-end payment will repay a present loan of $7,000 in 
20 y(iars if interest is 5.5 per cent? 

20-14. Find the present worth of $100 paid quarterly for a period of 15 years if 
inuncy earns 4 per cent. 

20-16. What annual payment might be secured for an infinite period from a sum 
of $1,000 invested at 8 per cent interest? 

20-16. In order to secure a perpetual income of $1,000 annually, what investment 
iiiunI bo made at 6 per cent interest? 

20-17. A corporation has sold an issue of bonds maturing in 15 years and having 
II I'aco value of $3,500,000 to an investment syndicate for $3,180,000. The bonds 
hour an interest rate of 3.5 per cent payable semiannually. Legal fees and other 
preparatory expenses for floating the loan have cost the corporation $60,000. If 
Mio clcu'ical and bookkeeping work associated with paying the interest involves an 
OKpoiiNt) of $5,000 per interest period, what is the cost of using the money realized 
froMi tlioHc bonds to the corporation expressed as an interest rate? 

20-16. If the corporation in Prob. 29-17 has raised $4,500,000 by the sale of stock 
on which it expects to pay 5 per cent quarterly, what is the average cost of money 
uw', or iiitorost rate, that it should use in calculating its annual costs? 

20-10. What is the amortization or depreciation rate for an enterprise that is earn¬ 
ing 6 p( 5 r cent on its invested funds and estimates a life span of 20 years? Salvage 
vmIih' of the equipment will pay for its disposal. Do this by two methods. 

20-20. An electric utility is required by law to allocate from its annual earnings a 
Ntitii ecpiivalent to 1.6 per cent of its plant investment for depreciation. If the cost 
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of money use to this utility is 6 per cent, what is the implied average life of the plant 
on the basis of sinking-fund depreciation? 

29-21. If the plant of the utility ^n Prob. 29-20 is assessed at 80 per cent of firit 
cost and the tax rate is 5 per cent of assessed valuation, and if equipment insuraao6 
is 0.2 per cent of the first cost, what is the plant fixed-charge rate? 

29-22. Six alternate plans of supplying energy for a given circumstance are inv^ 
tigated and found to require the investments and annual operating costs given in 
Table P-1. 


Table P-1 



Plan A 

Plan B 

Plan C 

Plan D 

Plan E 

Plan F 

Investment. 

Annual operating cost. 

$50,000 

36,000 

Si(X),000 

27,000 

$150,000 

20,000 

S2(Kt,000 

15,000 

1250,000 

12,000 

$300,000 

10,000: 


a. Find the optimum plan for a fixed charge rate of 10 per cent. 

b. Find the optimum plan for a fixed charge rate of 5 per cent. 

c. Find the optimum plan for a fixed charge rate of 15 per cent. 

d. Compare the total annual costs for the optimum plans of (a), (b), and (c), and 

discuss. 

e. Assuming that the operating costs are 20 per cent greater than given, find tho 
optimum plan at a fixed charge rate of 10 per cent. 

/. Assuming that the operating costs are 20 per cent less than given, find the 
optimum plan at a fixed charge rate of 10 per cent, 

g. Compare the total annual costs for the optimum plans of (a), (e), and (/), arid 
discuss. 

29-23. A study is being made to determine the economic diesel plant to serve a 
given energy demand. Three plans are under consideration, the life of each of 
which is assumed to be 20 years. The cost of money use is 6 per cent; taxes and 
insurance cost a total of 5 per cent of investment. Other costs are as in Table P-3i 


Table P-2 



Plan A 

Plan B 

Plan C 

Investment. 

1220,000 
$ 31,800 

1 1,000 
$ 10,000 

1 3,000 

1235,000 
$ 21,000 

1 2,000 
$ 12,000 

S 5,000 

$245,000 
$ 20,400 
$ 2,000 
$ 12,000 
$ 5,000 

Annual fuel cost.'. 

Annual lubrication cost. 

Annual labor cost.- . . ... 

Annual maintenance cost.. 


a. Determine the optimum plan on the basis of total annual costs. 

b. Determine the optimum plan on the basis of rate of return on increment invoi^ 
ment. 

c. Determine the optimum plan on the basis of rate of return available for fixad 
charges on increment investment. 

d. Determine the optimum plan on the basis of added justifiable invostmorit, 

e. Determine the optimum plan on the basis of present worth of each sc homo. 

/. Determine the optimum plan on the basis of capitalizcid costs. 
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N OTE : In this problem the plant must be built since no alternative service is availa- 
l)le. Hence the methods of rate of return on total investment, rate of return available 
for fixed charges on total investment, and total justifiable investmentcannot be applied. 
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CHAPTER 30 


LOAD CURVES 


30-1. Defining Energy Requirements. In any problem of power- 
plant design the first step defines the conditions of energy supply that the 
plant must meet. The conditions may be classified under three headings: 
(1) maximum demand, (2) total energy requirements, and (3) distribution 
of energy demand. 

30-2. Maximum Demand. The capacity of a plant depends upon the 
maximum power demand that will be made by the energy-consuming 



Prime Movers 
Generators 
Slat ion Bus 
Feeders 

Distribution Bus 
Loads 


Fig. 30-1, Single-line diagram of an elementary power system. 


devices it feeds. Almost any plant will supply a variety of services with 
varying demands over a period of time. Such devices are machine-drive 
motors, lights, process and space heating, elevators, conveyers, and many 
others. 

The principal elements of a power system may be indicated as in Fig. 
30-1. The individual energy-consuming devices or loads each connects 
to a distribution bus as a source of supply. All the distribution busses 
receive their energy from the station bus through feeders. The station 
bus is supplied by one or more generators driven by direct-coupled prime 
movers. Electrical energy in the central station is usually generated at 
high potential varying from 4 to 18 kv in most cases. Transmission of 
the energy over the feeders may take place at potentials as high as 400 kv. 
The longer the distance, the higher the line voltage employed. This tends 
to conserve on copper utilization, but this saving is offset by more elabo- 
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rate towers and insulation requirements. At the distribution busses the 
potential is transformed to the voltage required by the consuming devices. 

Each device has a maximum capacity for absorption of power. For 
the usual case each device of a group operated by an individual consumer 
can function independently. If all the devices ran to their fullest extent 
simultaneously, the maximum demand of the consumer on the energy sys¬ 
tem would equal his connected load. However, experience demonstrates 
that the actual maximum demand of a consumer will be less than his con¬ 
nected load since all the devices never run at full load at the same time. 
The relationship of maximum demand and connected load is measured by 


Demand factor = 


maximum demand 
connected load 


The demand factor depends upon the nature and activities of the con¬ 
sumer and to some extent upon the location of the power system. Various 
studies indicate that demand factors may vary from about 25 per cent for 
hotels to 90 per cent for refrigeration plants. Each device will reach its 
own maximum demand at some time during its operation, but the demand 
factor measures the extent to which it contributes toward the maximum 
demand of a group of devices of which it is a part. 

Experience shows that the maximum demands of individual consumers 
do not occur simultaneously but are spread out over a period of time. 
This holds for consumers whose activities and energy requirements are 
very similar. The time distribution of maximum demands for similar 
types of consumers is measured by the diversity factor, where 


Group diversity factor 


sum of individual maximum demands 
actual maximum demand of group 


The group diversity factor is always greater than unity. Diversity 
factors for residential consumers are usually highest at about 5.0, whereas 
large industrial consumers may have values as low as 1.3. Since diversity 
(exists between individual maximum demands, the proportion contributed 
to the system maximum demand by each consumer is less than his maxi¬ 
mum demand. 

The peak demand of a system is made up of the individual demands of 
the devices that happen to be functioning at the time of the peak. At 
the time of the system peak demand the demand of a particular group of 
similar consumers is seldom at the maximum value that it may reach at 
some other time of the year. This diversity is measured by 

Peak diversity factor 

_ maximum demand of consumer group 

demand of consumer group at time of system peak demand 
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The method of determining the maximum demand to be expected on a 
system when the foregoing da^a are available is indicated below. 

Let 

Cl, Cl', Cl", . . . j Cm = individual connected loads of group 1 
C 2 , C 2 ', C2'S . . . , C 2 . = individual connected loads of group 2 
di = demand factor of group 1 
^2 = demand factor of group 2 

Di = group diversity factor among consumers in group 1 
2)2 = group diversity factor among consumers in group 2 
Ml = maximum demand of group 1 
M 2 = maximum demand of group 2 
ri = peak diversity factor for group 1 
7-2 = peak diversity factor for group 2 
Lm = system maximum demand 

Li, L 2 , Lz, , , , ,Ln = demands of each type of consumer at time of 
system maximum demand 


SCi X di 

Di 

i:Ct X d2 
D2 

^1 

Ti 

r2 

Li + L2 + Ls + * ■ ■ + Ln 

The demand and diversity factors will be chosen from similar situations 
in existing systems when such data are available. When this is not the 
case, each power requirement will have to be studied in detail and the 
hourly variation in demand estimated throughout the operating period of 
each device for all days during which the peak is likely to occur; when 
the energy requirements at each hour of the day for all the individual 
requirements are summed up, the variation in hourly total demand can be 
determined. By studying typical days for various parts of the year the 
maximum demand can be found. 

The success of the central-station system of energy supply stems from 
the diversity of the demands of the various components of the total con¬ 
nected load. The capacity required to supply such a system is much less 
than would have to be provided if each load component had its own 
plant. In addition the central system uses larger-capacity units of 
generating equipment that are more efficient and less costly than a 
multiplicity of small units. 


Then 


Ml = 

M 2 = 

Li = 

L 2 = 
Lm 
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Example 30-1. A new housing development is to be added to the lines of a public 
utility. There are 1,000 apartments, each having a connected load of 4 kw; also stores 
and services are included of the characteristics shown in the following tabulation: 


Store or service 

Connected 

kw 

Demand fac¬ 
tor, per cent 

1 laundrv... 

20 

68 

2 churches... 

10 each 

56 

1 restaurant ... 

60 

52 

1 bookstore. 

5 

66 

1 dry-goods store.. 

7 

76 

2 drugstores... 

10 each 

79 

2 grocery stores.. 

5 each 

73 

1 shoe store. 

2 

67 

1 clothing store.... 

4 

53 

1 theater.. ,, . . 

100 

49 


The demand factor of the apartments is 45 per cent. The group diversity factor of 
the residential load for this system is 3.5, and the peak diversity factor is 1.4. The 
commercial-load group diversity factor is 1.5, and the peak diversity factor is 1.1. 

Find the increase in peak demand on the total system delivery from the station bus 
resulting from addition of this development on the distribution system. Assume 
line losses at 5 per cent of delivered energy. 

Solution 


a. Maximum demand per apartment = 4 X 0.45 = 1.8 kw 
h. Maximum demand of 1,000 apartments = ^ ^ ^ ^>000 ^ 

514 

c. Demand of 1,000 apartments at time of system peak = = 367 kw 

d. Commercial loads (including churches) as in the following tabulation: 


Service 

C'onnected 

kw 

Demand 

factor 

Maximum 
demand, kw 

Laundry. 

20 

0.68 

13.6 

Churches. 

20 

0,56 

11.2 

Restaurant.. 

60 

0.52 

31.2 

Bookstore... 

5 

0.66 

3.3 

Dry-goods store. 

7 

0.76 

5.3 

Drugstores. 

20 

0.79 

15.8 

Grocery stores. 

10 

0.73 

7.3 

Shoe store. 

2 

0.67 

1.3 

Clothing store. 

4 

0.53 

2.1 

4'heater. 

100 

0.49 

49.0 

Total of commercial maximum demands. 


140.1 


r. Maximum demand of commercial group = ^ ‘ = 94 kw 

1.0 

94 

/. Commercial demand at time of system peak = = 86 kw 
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g. Demand at point of consumption at time of system maximum demand = 367 + 
86 = 453 kw 

h. Total increase in maximum demand at station bus = 453 X 1.05 = 476 kw 
Example 30-2. A small maniifatiUiring plant making a new product requires elec¬ 
trical energy service. To determine the capacity needed^ l.he operations of two critical 
days are estimated, a winter day and a hot summer day. Hourly energy require¬ 
ments for each function are estimated and the totals found as indicated in the accom¬ 
panying tabulation. 

Solution 


WintfiT day, kw: 

Lightini^.. ... . . , 

H«aUnE.■ 

Pumping...... ,. 

St&TKipmg...... 

Machinine... 

KefrlEeration. 

Convey era. . 

Shipping... 

Total denmnd, kw. . 
SumineT day. kw'. 

Lighting... . .. 

Fana.. 

Pumping... 

Stamping.. 

Machining. 

Ref rigeration. 

Couveyexa.. 

Bhipptng.. 

Total demandi kw.. 


A.M. 

P.M. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

13 

1 

1 

1 

1 

1 

3 

4 

5 

5 

5 

5 

5 

5 

5 

6 

7 

15 

15 

5 

5 

3 

1 

1 


2 

2 

2 

2 

3 

7 

10 

10 

10 

9 

8 

7 

7 

7 

7 

8 

7 

0 

6 

6 

6 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

30 

SO 

30 

30 

30 

30 

30 

30 

so 

30 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

20 

20 

40 

40 

0 

20 

40 

40 

40 

0 

0 

0 

0 

0 

0 

0 

a 

0 

0 

0 

0 

0 

(3 

0 

5 

5 

5 

5 

0 

5 

5 

6 

5 

0 

0 

0 

0 

0 

0 

0 

0 

4 

4 

4 

4 

4 

4 

4 

4 

5 

5 

5 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

0 

0 

0 

0 

0 

0 

0 

2 

2 

2 

2 

0 

2 

2 

2 

2 

2 

0 

0 

0 

0 

0 

0 

0 

1 

1 

' 1 

1 

1 

1 

I 

1 

1 

1 

1 

1 

7 

7 

7 

7 

7 

7 

7 

7 

5 

2 

1 

1 

s 

g 

8 

*8 

9 

15 

19 

77 

78 

97 

90 

47 

SO 

100 

100 

103 

05 

32 

22 

22 

18 

3 

7 

T 

1 

1 

1 

1 

1 

3 

4 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

3 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

2 

2 

2 

4 

5 

7 

7 

7 

2 

2 

2 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

30 

SO 

30 

30 

30 

30 

30 

SO 

30 

so 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

20 

20 

40 

40 

0 

20 

40 

40 

40 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

5 

5 

5 

0 

5 

5 

5 

5 

0 

0 

0 

0 

0 

0 

0 

0 

6 

G 

6 

6 

6 

6 

6 

6 

8 

8 

S 

9 

li 

12 

12 

14 

14 

12 

10 

9 

S 

8 

s 

7 

0 

0 

0 

0 

0 

0 

0 

2 

2 

2 

2 

0 

2 

2 

2 

2 

2 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

7 

7 

7 

7 

7 

7 

7 

7 

5 

2 

1 

1 

s 

3 

"s 

8 

8 

10 

11 

09 

73 

p3 

93 

49 

85 

108 

1D8 

110 

00 

20 

24 

23 

10 

11 

10 

o' 


On examining the hourly total demands it is found that at 4 p.m. on a summer day 
the peak of 110 kw occurs. 


30-3. Variation in Demand. The chronological variation in demand 
for energy on the source of supply is plotted graphically for study and eiiNy 
comprehension. Such graphs for electrical energy demands (Fig. 30-2) 
are generally termed load curves. The curve for the industrial lonil 
typifies a factory operation on a one-shift basis. In the early morning 
hours the demand is generally for lighting and auxiliary drive for tho 
heating boiler plant as well as some processes that require continuuui 
energy supply such as refrigeration and electric furnaces. About 6 Ailli 
some of the factory machinery starts running, perhaps for warming prlcH' 
to operation, or it may be that one department starts earlier in the tiny 
than the remainder of the organization to synchronize the work properlyi 
By 8 A.M., in this particular case, the entire plant is running, and energy 
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INDUSTRIAL LOAD URBAN TRACTION LOAD 




DWELLING LOAD STREET LIGHTING 



METROPOLITAN AREA LOAD 



Dotted lines - Summer load 
Solid lines - Winterload 

30-2. Typical hourly variation in energy demand for different types of electric 
loads. 
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demand remains substantially constant until shortly before noon. Load 
falls off as some of the machines shut down during the lunch period. The 
extent of the noon-hour dip depends upon the individual factory. By 
2 p.M. the load attains about the same level as during the morning, 
Shortly before 4 p.m. the load starts to drop as the day's work ends in the 
various departments. At 6 p.m. most of the machines are shut down, and 
the load gradually tapers off until about 9 or 10 p.m., when the minimum 
demand is reached and continues until the start of the next working day, 

The curve for the urban traction load is typical of railroads operating 
within the larger cities. From midnight till 3 a.m. the demand tapers off 
as service reaches its minimum level, which continues until about 5 a.m, 
in this particular instance. This load is largely lighting, with power at a 
minimum since only a few trains run. As the early factory workers start 
for their work, service rapidly increases and the consequent load con¬ 
tinuously rises as these travelers are augmented and followed by office 
workers, school children, and early shoppers. The peak travel and 
energy demand is reached at 9 a.m. The load rapidly diminishes as some 
of the trains return to the storage yards and the remainder carry fewer 
travelers. The minimum day load is reached during the noon hour and 
then rises continuously, increasing in rate of rise until the evening rush 
hour is in full swing with most of the workers homeward bound at 6 P.M. 
The load then falls rapidly until the rate of decrease is momentarily 
checked at about 10 p.m., when theatergoers, visitors, and the like, arc 
homeward bound. After midnight the* load again follows the cycle 

described. / 

Both the industrial and the traction loads are affected by the seasons In 
need for heating and lighting. Generally this will lift the entire curve for 
both these loads in the winter since the cold and darker days require tha 
extra energy. 

The load curves of long-distance electrified railroads are entirely 
different in shape from those for the urban roads. In fact some of thi 
former have their peak loads in the early morning hours when freight* 
train movements reach their maximum as well as the overnight passenger* 
train movements. In general they do not tend to have the sharp doubli 
day peaks that the urban roads exhibit. 

Load curves for dwellings (Fig. 30-2) are typical of a residential com* 
munity rather than just one residence. During the early morning lioiir# 
energy runs night lights, refrigerators, water heaters, oil burners, vontilrii" 
ing fans, and the like. In the winter the early risers require lights and, to 
prepare breakfast, toasters, percolators, waffle irons, etc. After tlu» 
rising and breakfast houi* the demand decreases somewhat, and equip¬ 
ment such as vacuum cleaners, radios, television sets, water heaterH, and 
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occasional lights makes a fairly constant demand for energy until about 
^ e.M. Cooking appliances then cause a slight rise in demand. 

After 4 p.m. the early sunset of winter brings the lights into action, and 
the total load rapidly approaches its peak about 5 p.m. during the month 
of December. The high level of demand persists until about 7 or 8 p.m., 
when the load drops fairly rapidly as the families retire or leave home to 
H(H 5 k entertainment elsewhere, minimum loads being again reached at 
iihout 1 A.M. Loads of this class are generally less during the summertime 
pi’iricipally because many families are away on vacation and cooking 
nc-livity is at a minimum. The later sunsets cause a late hour for the 
p(^iik demand, which is much reduced in comparison with the winter 
demand. 

Street lighting is about the only form of load that does not exhibit peak 
ihanands in the ordinary sense. Normally all lights come on and are 
t^iirned off almost simultaneously, the total load remaining constant dur¬ 
ing the hours of darkness. The turning on of lights and their turning off 
usually synchronized, respectively, with the time of sunset and sun¬ 
rise. Hence in the summertime the lights will be functioning for a much 
nliorter time than during the winter. In some communities the lights 
may be turned off at some hour such as 11 p.m. or midnight and not 
biriicd on again until after the following sunset. 

Typical metropolitan-area electric loads are also shown in Fig. 30-2 
for a weekday, Saturday, and Sunday. These are typical for a large city 
nMHiiring energy for industrial, traction, commercial, and residential needs 
from a common utility system. During the early morning hours the 
(lomjuid is at a minimum as the vast majority of the inhabitants sleep. 
'I'he (‘Icments of this demand are the same as just discussed for each type 
of load curve. About 6 a.m. on the weekday, the load starts rising rapidly 
II, M (luj domestic and industrial loads increase as well as the traction load, 
hy 10 A.M. the load reaches its maximum for the daylight hours. This is 
vrrifi(Ml by the pronounced noon-hour dip. At 4 p.m. during the winter- 
liiiw' the load rapidly increases as the residential lighting load, the 
commercial load, and the traction loads increase on top of the basic 
liidiiHtrial load. The total reaches a peak at about 5 p.m. and then rapidly 
(leerciiHos as the various components, excepting the residential load, 

On Saturdays the noon-hour valley becomes an afternoon valley as 
Nona' of the factories operate for only a half day so that the peak demand 
all al)out/ 6 P.M. is much less than the weekday peak. 

Hiiiidays are characterized by much lower demands in the absence of 
liidiiMlrial demand and hence traction demand. During the daylight 
lioui'H (ilui load remains almost constant, rising only at the approach of 
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darkness. The Sunday curve has a marked similarity to the residential 
load curve. 

In the summertime the Isfte sunsets occur after the industrial and 
traction loads are declining, with the result that the lighting demand is 
not coincident with these major components and the peak demand char¬ 
acteristic of wintertime does not appear. 

Load curves reflect the activities of the population quite accurately in 
some instances. A. late presidential broadcast or a major sporting event 
will increase the load above its usual value at that hour because more 
receivers and lights are in operation than normally. A cloudy or rainy 

day will be reflected in a higher than nor¬ 
mal load during the day and evening 
compared with a day of clear weather. 
Thunderstorms during daylight hours in¬ 
variably raise sharp peak demands of short 
duration caused by turning on lights. 

The pronounced valley in the curves of 
the early morning hours is typical of all 
metropolitan-load curves in all seasons. 
To induce more use of generating equip- 
ment during these early hours, most utility 
systems have a preferential rate for users of 
energy who confine their major demands 
to this periqd and cease demand during the 


LB/HR 



Fig. 30-3. Typical hourly vari¬ 
ations in district steam-supply 
system. 


system peak-load hours. As will be evident after a study of incremental 
rates, any additional energy generated during these light-load periods 
can be provided at less than average cost up to a certain limit in load 
increase. Practical requirements of unaintenance, boiler deslagging, and 
general cleaning of equipment can use the load decrease every 24 hr to 
permit shutting down some of the apparatus for these purposes. 

30-4. Steam and Gas Loads. The weekday-load curves of a district 
steam plant supplying energy for space heating and process purposes are 
shown in Fig. 30-3. Shutting off heat supply entirely or holding a much 
lower temperature during the early morning hours causes a very deep 
valley in the load curve. However, about 5 a.m. heating systems come on 
in rapid succession to preheat buildings and apartments, with a peak 
demand about 8 to 9 a.m. The load then drops off as preheating ends and 
the outside temperatures warm up during the day. During the late 
afternoon the load drops rapidly as factories and offices close for the night. 
The summer curve lies far below the winter curve and represents mostly 
steam used for water heating and some process and power use. 

A third type of common load curve in Fig. 30-4 is for gas supply in a 
metropolitan area. These curves are principally for domestic cooking, 
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space heating, and commercial applications. In the winter curve three 
peaks are discernible, coiniciding with early morning space preheating 
and the preparation of breakfast, lunch, and dinner. The peak load for 
this system occurs on Thanksgiving Day, when the load peaks at the 
noon hour, coinciding with the traditional dinner hour of the feasting day. 

30-6. Load-curve Analysis. The variation in demand throughout a 
period of time evidently may be considerable for a given plant, as demon¬ 
strated by the chronological load curves. It will be necessary for system 
planning and operating estimates to express the variation in, and the 



integration of, the total energy requirements for a period of time in some 
concise form; the load-duration curve does this. 

The area under the curve of a daily chronological load curve measures 
the total energy consumed by the load during the day. This energy is 
f 24 

evaluated by / kw dtj the unit being the kilowatthour. Fundamen¬ 
tally the load-duration curve is nothing more than a rearrangement of all 
the load elements of a chronological curve in the order of descending 
magnitude (Fig. 30-5). The areas under the load-duration and corre¬ 
sponding chronological curves are equal. Since it is impractical to deter¬ 
mine the equation of either load curve, the area or energy is determined 
graphically. This can be done with sufficient accuracy in most cases by 
adding the readings off either curve at the mid-point for every half-hour 
[)eriod and dividing by 2. 

Figure 30-5 shows the graphical method of constructing the load- 
duration curve from the chronological curve. The abscissa of the dura¬ 
tion curve is laid off to equal the number of hours in the chronological 
curve, in this case 24 hr. The criterion of plotting the duration curve 
makes the abscissa at any load ordinate equal to the length of the abscissa 
intercepted by that load ordinate on the chronological curve. Thus, at 
the maximum demand or peak load, the intercept is one point which will 
be plotted at 0 hr. At load a the intercept is ai hr and is plotted at ai hr 
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pm 

Time of day Hours Durafion Cumufafive Energy -Kwhr 

Fig. 30-5. Chronological load curve and its derived load-duration and energy-load curves. 
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on the duration curve. At load h the intercept is a total of hi + 62 hr and 
is plotted accordingly. At minimum load c the intercept covers the 
entire period of 24 hr. Any point of the load-duration curve is a measure 
of the number of hours in a given period during which the given load and 
higher loads have prevailed. If the chronological curve indicated a 
constant demand during the entire day, it would be of rectangular shape 
and the load-duration curve would be an exact duplicate. 

The duration curve can be extended to include any period of time. 
By laying out the abscissa to include 8,760 hr the variation and distribu¬ 
tion in demand for an entire year can be summarized in one curve. 

In power systems using hydraulic stations we must know the amount 
of energy between given demand levels on the load curve. This can be 
most easily found by plotting a load-energy curve which is derived from 
either the chronological or the duration curve. The load-energy curve 
(Fig. 30-5) plots the cumulative integration of the area under the load 
curve, starting at zero load vs. the particular load. Expressed mathe- 

matically, it is a plot of h t d(kw) versus kwn, where t is the hours of 

duration. Referring to the figure, the minimum load for the load curve 
is c kw. Between 0 and c kw, successive integrations are directly propor¬ 
tional to the load, and the load-energy curve plots as a straight line 
between these limits. For the next element of load above the minimum 
c kw, the elementary area is less than the elementary area at c kw. Hence 
the load-energy curve will deviate from a straight line and bend upward. 
Since the elementary areas subsequently decrease constantly as the kilo¬ 
watt load increases, the curve has a continually increasing slope up to the 
peak load. Obviously the energy corresponding to the peak load will 
equal the total energy in the load curve. To find the energy included 
between the load values of a kw and b kw on the load curves, find the 
corresponding energies at and b' kwhr. The energy quantity will then 
be a' — b' kwhr. Extending the straight-line portion to intersect the 
total kilowatthour abscissa determines the average load/. This intersec¬ 
tion represents the load value that the chronological and duration curves 
would have if they were of rectangular shape and contained the same 
total energy. 

In practice the true appearance of a load curve will not generally be so 
smooth as plotted in the illustrations. A pure lighting load will generally 
liave the smoothest curve owing to the constant nature of the energy 
requirements of the individual lamps. At the other extreme the traction¬ 
load curve exhibits violent fluctuations in instantaneous values caused by 
t4ie high and frequent starting demands of the trains, as well as the fre- 
(luent stops requiring no energy. Some industrial loads also exhibit wide 
variations in instantaneous loads, especially where heavy stamping work 
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or welding is performed. Central stations likewise experience momentary 
fluctuations in their total load, the extent of the variation naturally 
depending on the type of ser'^ices supplied and also on the magnitude of 
the total load. In general, large systems have smaller fluctuations than 
smaller systems owing to the averaging effect of supplying a greater num¬ 
ber of individual services. 



For loads exhibiting relatively minor variations in load the true load 
curve can be closely approximated by plotting the instantaneous readings 
taken every half or quarter hour and connecting the points with straight 
lines. It will usually be found that the area under such curves will 
generally be within 2 or 3 per cent of the total energy as measured by 
integrating meters. For loads of wide fluctuations the plotting of 
instantaneous readings is generally meaningless; the usual practice is to 
read the integrating meters every Half or quarter hour and plot the 
difference in readings as an equivalent constant load for corresponding 
periods on the curve. This gives a step-shaped curve; at any instant this 
curve does not show the true load. It shows the trend of the load, and 
the area under the curve will exactly equal the total energy. Figure 30-6 
illustrates the appearance of this type of chronological load curve with 
the corresponding load-duration curve and load-energy curve. 

30-6. Load Factor. The degree of variation of the load over a period of 
time is measured by the load factor, which may be defined as 


Load factor = 



E/h 


where Lavg = average load for period 

Lmax = peak load for period, either instantaneous or average, for 
periods of 1 hr or less 
E = total energy in load curve for period 
h = total number of hours in period 
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The load factor measures variation only and does not give any indication 
of the precise shape of the load-duration curve. Figure 30-7 shows the 
various shapes that load-duration curves may assume for a given maxi¬ 
mum demand and load factor. As the load factor approaches zero, the 
duration curve will approach a narrow L shape, indicating a peak load of 
very short duration with very low or no load during the major portion of 
the time. As the load factor approaches unity, the duration curve will 
be somewhat rectangular in appearance, indicating high sustained loads. 


Kw 


Hours 


Km 


Hours 




Fig. 30-7. Load-duration curves having common maximum demands and load factors. 


In fact at unity the load curve can be only rectangular in shape, since 
maximum and average loads are equal. 

30-7. Capacity Factor. The extent of use of the generating plant is 
measured by the capacity factor, frequently also termed plant factor or 
use factor. If during a given period a plant is kept fully loaded, it is 
evident that it is used to the maximum extent, or operated at 100 per cent 
(sapacity factor. If no energy was produced, the capacity factor would 
be 0 per cent. This factor is defined as 

Capacity factor = 

where Cap is the rated capacity of the plant. 

Capacity factor and load factor become identical when the peak load 
is equal to the capacity of the plant. The relationship between the two 
factors is evidently 


Capacity factor = X load factor 
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30-8. Utilization Factor. The utilization factor measures the use 
made of the total installed capacity of the plant. The definition is 

Utilization factor = 

The factor for a plant depends upon the type of system of which it is a 
part. A low utilization factor may mean that the plant is used only for 
stand-by purposes on a system comprised of several stations or that 
capacity has been installed well in advance of need. 

A high value of the factor, in the case of a plant in a large system, 
indicates that the plant is probably the most efficient in the system. In 
the case of isolated plants a high value means the likelihood of good 
design with some reserve-capacity allowance. 

This factor may exceed unity, which indicates that loads have been 
carried in excess of the rated capacity of the equipment. 

From the definition of the three factors in the foregoing discussion it 
will be evident that 

Capacity factor = (utilization factor) X (load factor) 


PROBLEMS 

30-1. An electrical system experiences linear changes in load such that its daily 
load curve is described in Table P-1. 


Table P-1 


Time 

Mw 

JL 

Time 

Mw 

12 P.M. 

20 

12:30 P.M. 

40 

2 A.M. 

10 

1 

50 

6 

10 

5 

50 

8 

50 

6 

70 

12 M. 

50 

12 

20 


а. Plot the chronological and load-duration curve for the system. 

б. Plot the load-energy curve for the system. 

c. Find the load factor. 

d. What is the utilization factor of the plant serving this load if its capacity id 
100 mw? 

30-2. An electrical railway system has such severely fluctuating loads that instan¬ 
taneous wattmeter readings do not define its load curve adequately. The readings 
of Table P-2 have been taken from the station totalizing watthour meter at the times 
indicated. The station meter constant is 10,000 to convert to kilowatthours. 


LOAD CURVES 


595 


Table P-2 


Time 

Meter reading 

Time 

Meter reading 

12 P.M. 

5,595 

2 P.M. 

5,639 

1 A.M. 

5,597 

3 

5,643 

6 

5,602 

4 

5,648 

7 

5,605 

5 

5,654 

8 

5,611 

6 

5,661 

9 

5,618 

7 

5,667 

10 

5,624 

8 

5,672 

11 

5,629 

9 

5,676 

12 M. 

5,633 

10 

5,678 

1 P.M. 

5,636 

12 

5,682 


a. Plot the average hourly chronological, and load-duration curve. 

b. Plot the load-energy curve for the average hourly loads. 

c. Find the load factor based on the average hourly peak, 

d. If the instantaneous peak is 85 mw, what is the load factor? 

e. What is the utilization factor of the plant serving this load if its" capacity is 
100 mw? 

30-3. An electrical system has linear variations in load so that the daily load curves 
can be described by the instantaneous readings of Table P-3. For a given week all 
the weekday load curves were identical. 


Table P-3 


Day or week 

Time 

Load, Mw 

Time 

Load, Mw 

Weekday 

12 P.M. 

30 

4 P.M. 

60 


1 A.M, 

20 

5 

70 


5 

20 

6 

90 


6 

40 

8 

80 


8 

60 

11 

50 




12 

30 

Saturday 

12 P.M. 

30 

12 M. 

50 


1 A.M. 

20 

1 P.M. 

40 


5 

20 

5 

40 


6 

40 

6 

60 


8 

50 

10 

50 




12 

30 

Sunday 

12 M. 

30 

5 P.M. 

30 


1 A.M. 

20 

6 

40 


8 

20 

10 

40 


9 

30 

12 

30 
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a. Plot the daily chronological curves on a common graph. 

b. Plot the load-duration curve for the week. 

30-4. The yearly duration curve of a certain plant can be considered as a straight 
line from 20,000 to 3,000 kw. To meet this load, three turbine-generator units, two 
rated at 10,000 kw each and one at 5,000 kw, are installed. 

Determine: 

a. Installed capacity 

b. Plant factor 

c. Maximum demand 

d. Load factor 

e. Utilization factor 

30-6. Determine the maximum demand for the group of energy consumers ahowil 
in Table P-4. 


Table P-4 


Class of service 

Total con¬ 
nected 
load, kw 

Demand 
factor, 
per cent 

Group 

diversity 

factor 

Peak 

diversity 

factor 

Public buildings. 

100 

35 

1.6 

1.00 

Apartments. 

1,000 

55 

4.0 

1.20 

Hospitals. 

200 

45 

1.5 

1.06 

Theaters. 

150 

60 

1.6 

1.00 

Laundries.*. . . 

50 

70 

1.8 

1.06 

Residences. 

3,000 

40 

4.5 

1.20 

Stores. 

500 

65 

1.6 

1.06 

Offices. 

100 

70 

1.8 

1.06 

Lighting (street). 

600 . 

100 

1.0 

1.00 

Foundry. 

3,500 

80 

1.1 

1.06 

Boiler f actory... . . | 

4,000 

90 

1.1 

1.06 

Hotel. .. . 

700 

25 

1.8 

1.20 

Motor factory. 

5,000 

ft 

75 

1.1 

1.06 
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CHAPTER 31 


SELECTION OF PLANT 


81-1. Plant Capacity. After defining the load expectations with a 
load-duration curve, the designer can determine the capacity of a plant. 
Ah a minimum requirement the plant capacity must be equal at least to 
th(s peak lo^d, or maximum demand. Experience shows that no machine 
In HO dependable that it may at all times be relied upon to be in operating 
oondition when it is wanted, i.e., to be. available for service 100 per cent 
of the time. 

If an interruption of service can be tolerated at any time, then possibly 
the capacity equal to the peak load may be placed all in one unit of equip¬ 
ment, such as one diesel engine or one boiler feeding one turbine. How- 
iV<»r, if the load factor is comparatively low, it may be more economical 
tl» Hplit the capacity among two or more units. Only a study of the 
particular circumstances can supply the correct solution. 

In most cases an interruption of service cannot be tolerated.. Perhaps 
the stoppage of some industrial process would entail costly spoilage; the 
OeHNiition of some vital service, such as ventilation, might create a hazard 
tn life. If so, provision must be made to maintain continuity of service 
within reasonable limits. 

l<'or a small load it may pay to install two units of equipment each 
being capable of supplying the maximum demand independently. In 
llte event of failure of one unit the other will probably be available to 
earry the load. Though there is a possibility of both machines being 
Uniiviiilable simultaneously, it often will not justify the cost of installing 
A third reserve unit, since the probability of such an occurrence is rather 
rPliio(,(L The remoteness of such a contingency is attested by the records 
nf availability, on the average 90 per cent or better for equipment sub- 
to a regular inspection and overhaul schedule. 

In Home of the larger power-supply systems, made up of several 
l^nnrating units, design rules have been adopted to maintain a total 
IhHlalled capacity equal to the expected maximum demand plus the 
Ciapacity of the two largest units. This is based on the expectation that 
Mi lihn time of the maximum demand one of the largest units or an 
iqnlviiloiit amount of capacity may be out of service for overhauling. 
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Then, with all the other units actively operating, the peak load can still 
be carried if the other largest unit should fail owing to mechanical break¬ 
down or operating error. ^ 

There is an inherent reserve in most electrical supply systems, in that 
the load can be decreased by dropping the voltage. A given percentage 
drop in voltage very nearly causes an equal percentage drop in load. In 
a large utility system a 5 per cent drop in load by this means usually 
equals a substantial-sized generating unit. By using this principle 
significant savings in fixed charges could be effected by resorting to a one- 
unit reserve plan in determining installed system capacity. 

Most large units are conservatively rated. In the case of steam 
turbines the ultimate maximum capability is usually about 115 per cent 
of rated nameplate capacity. However, generators driven by these 
turbines may have a smaller ultimate capacity owing to internal tempera¬ 
tures at isolated points in the windings exceeding safe values. Neverthe¬ 
less, during emergencies most individual units could produce more energy 
than their nameplate ratings indicate. 

When an existing system prepares for an increase in maximum demand 
by installing an additional unit of generating equipment, the size of the 
unit will be based on three considerations: (1) the expected rate of increase 
of the maximum demand over a period of years, (2) the general design 
policy established by the system management, and (3) the room available 
for the additional unit. If the expected rate of rise is increasing and 
shows promise of continuing into the future, the capacity of the new unit 
may exceed the capacity of any existing unit with the expectancy of saving 
on total costs over a period of years. But if the rate of increase has been 
constant over several years with no expectation of change in the future, 
the new capacity very likely will ec^ial that of the largest existing unit. 
The disadvantage of radical increases in unit capacities is the increase in 
the magnitude of reserve capacity required in following a given reserve 
policy. 

31-2. Capacity Probability Analysis. With the steady growth of our 
larger utility systems with a multitude of units there is a need for a more 
sophisticated analysis of system capacity needs. In the past few years 
many utilities have used the probability theory in figuring their probable 
system outages to arrive at a suitable reserve capacity. Allowable space 
limits us here to just looking at the rudiments of the theory and it6 
implications. 

Let Qi, Q 2 j Qs, . . . , Qn be the forced outage rates of Unit No. 1, 2 , 
3, . . . , n, expressed as the ratio of number of days outage to the num¬ 
ber of days in the year. 

Similarly, let Pi, P 2 , P 3 , . . . , Pn be the operating rates of Unit No. 1, 
2, 3, . . . , n, expressed as the ratio of number of days of running to the 
number of days in the year. 
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Then P + Q = 1 for any unit by definition. 

From the probability theory the product P 1 P 2 is the probability of 
Units No. 1 and 2 being in operation simultaneously over any given 
period; the product P 1 P 2 P 3 is the probability of Units No. 1, 2 , and 3 
being in operation simultaneously over any given period. The product 
Q 1 Q 2 Q 3 is the probability of Units No. 1, 2, and 3 being out of service 
ilmultaneously. 

To find the probability of different combinations of units out of service 
and in service, we use 

(Pi + Qi){P2 + Q2)(P3 + Qz) ' — (Pn + Qn) = 1 

If all the units have the same service and outage probabilities P and Q, 
tliis equation reduces to 

(p + Qr = 1 

Example 31-1. A g:enerating system will have a total capacity of 300 mw; investi- 
the probable forced outages when the capacity is supplied in one unit; in two 
IfiO-mw units; in three 100-mw vmits; in four 75-mw units. 

The operating probability of all units is P = 0.08, and the forced-outage probability 
rate is 0 = 0.02. 

Vor the single 300-mw unit the probability of having capacity between 0 and 300 mw 
out of service is 0.02. 

I<'or the two 150-mw units we must expand: 

(P + Qy = (0.98 + 0.02)2 ^ 1 
P2 + 2PQ + 02 = 0.9604 -h 0.0392 + 0.0004 

^riie expression is the same as P 1 P 2 ] the term 2PQ is the same as P 1 Q 2 ~t“ P 2 O 1 ) 
arid (p = O 1 O 2 . The term P 1 O 2 is the probability of having Unit No. 1 in service and 
Ifoit No. 2 out of service simultaneously; the term P 2 O 1 is the converse. 

Hummarizing, we have the following tabulation: 

Capacity out of service 
on forced outage, mw 
0 

150 
300 


l''or the three 100-mw units we expand: 

(P -h 0)' = (0.98 -h 0.02)3 = 1 

jn 3 P 2 Q + 3PQ2 + Q3 = 0.941192 + 0.057624 + 0.001176 -h 0.000008 
H\iinrnarizing, we have the following tabulation: 

Capacity out of service 


enforced outage, mw Probability 

0 0.941192 

100 0.057624 

200 0.001176 

300 0.000008 


Probability 

0.9604 

0.0392 

0.0004 

1.0000 


1.000000 
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For the four 75-mw units we expand: 

(P +Qy = (0.98 + 0.02)1 

+ 4P3Q + 6P2Q2 + 4PQ3 + = 0.92236816 + 0.07529536 + 0.00230496 

+ 0.00003136 + 0.00000016 

Summarizing, we have the following tabulation: 


Capacity out of service 
on forced outage^ mw 

Probability 

0 

0.92236816 

75 

0.07529536 

150 

0.00230496 

225 

0.00003136 

300 

0.00000016 


1.00000000 


The probability of forced outages for the four schemes is plotted in 
Fig. 31-1. The plot shows two major principles that apply to units with 
equal probabilities: (1) the single unit has the best probability of main¬ 
taining maximum service in operation; (2) the four-unit system has the 
least probability of maximum outage. 

For example, the probability of 0 mw loss (continuous operation) is 
0.98 for the single 300-mw unit; this falls to 0.9224 for the four 75-mw 
units. This, however, is not the basic criterion for selecting a system for 
continuous operation. The probable outages are significant in this 
respect: The single unit is out of service 2 per cent of the time, but the 
four-unit system would have the same amount of capacity (300 mw) out 
of service only 0.000016 per cent of the time. Another way of stating 
this would be: All four units will be forced simultaneously out of service 
very seldom. The probability of forced outage decreases with an increas¬ 
ing number of units. 

Figure 31-1 shows that the probability of capacity loss depends on the 
number of units and their capacity. Maximum outage of 1 day in 1 year 
would be 75 mw fdr the four-unit system, 100 mw for the three-unit sys¬ 
tem, and 150 mw for the two-unit system. The single-unit system can¬ 
not operate with this low an interruption rate. Maximum outage of 1 day 
in 16 years would be 150 mw for the four-unit system and 200 mw for the 
three-unit system. 

In the various complete-analysis methods these outage probabilities are 
integrated with the system load curve to measure the total loss of kilo- 
watthour generation. Lack of space prevents showing the technique. 

Recent surveys have shown that the forced-outage rate for turbines 
using over 1,350-psig throttle steam averages at 0.89 per cent; their 
boilers have an average forced-outage rate of 0.90 per cent. 
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The service probability for each major plant element is: 


Turbine: 
Boiler: 
Total unit: 


1.0000 - 0.0089 = 0.9911 
1.0000 - 0.0090 = 0.9910 
0.9911 X 0.9910 = 0.98218 


The corresponding forced-outage rate for the total unit is 
1.0000 - 0.98218 = 0.01782 

10 ° 


10 “ 


10 ' 


^ 10 “ 


10 ^ 


icr^ 


10 "' 


10 ' 


lor« 


' / day in 1 year 
- / day in 2 years 


■ 1 day in 4 years 
-1 day in 8 years 
-1 day in 16 years 


Probobiiify af 

No. of ' 

0-mw hss 

units 

0,98 

1-300 mw 

0,9804 

2-150 mw 

0,9412 

3-100 mw 

0,9224 

4-75 mw 


t-300-mw mit 


2-f50-mw units 


3-fO O^ -mw u nits 


4-75-mw units 


300 


100 200 
Copocity lost, mw 

31-1. Increasing capacity loss has a decreasing probability of occurrence. Using 
liioro than one unit decreases the probability of outages. 
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31-3, Plant Location. In providing energy supply exclusively to an 
industrial enterprise the chcyce of power-plant location is quite limited 
since almost invariably the plant must be located on or adjacent to the 
industrial property. If such a location fronts on a navigable river, lake, 
or sea, the site may be ideal for a condensing-steam plant as a source of 
energy supply. On the other hand, if water supply is limited and the cost 
of coal and oil is near a parity, the advantages of both a condensing-steam 
plant and an internal-combustion (i-c) plant using spray ponds or cooling 
towers should be investigated. 

Should large amounts of steam be required in any of the manufacturing 
processes, large economies may be effected by bleeding a steam turbine as 
a source. The relatively high-temperature exhaust gases of a diesel 
engine or gas turbine are sometimes used to generate steam in a waste- 
heat boiler. 

If the plant site is on a river with favorable topography and geological 
conditions and also adequate rate of water flow, a hydraulic installation 
may prove feasible. In any event all the possibilities should be surveyed 
and compared on a final total-annual-cost basis before an intelligent 
decision can be made as to the type of installation to be selected. 

In contrast to the industrial installation the problem of plant location 
for a large regional utility system may be quite complex and may allow a 
wide range of choice in both location and type of installation. The type 
of plant at each possible location is dictated by the particular natural 
advantages of the site. 

For thermal stations the plant location will be governed by joint con¬ 
sideration of: (1) transmission of energy, (2) fuel delivery, (3) water 
supply, and (4) realty value. ^ 

1, There will be considerable advantage in placing the source of energy 
supply as near the center of the load as possible. The saving in copper 
and transmission structures by reducing this distance will represent a sav¬ 
ing in fixed costs within limits. The copper cross section directly 
depends upon the maximum current to be carried. For alternating cur¬ 
rents this can be controlled by the choice of transmission voltage, since 
raising the voltage reduces the current and therefore the copper cross 
section for a given value of energy. However, increased voltage requires 
increased investment in insulation, which must be balanced against the 
decreasing costs of copper. The economic voltage usually increases with 
increase in transmission distance. 

2. Fuel can be delivered in several different manners: by barge or ship 
if the plant is on a water front, by rail if along a railroad right of way, or 
by truck if neither of the other conveniences is available. The fewer times 
any commodity is handled in delivering to the ultimate consumer, the 
lower will be the cost of that commodity. It is important to choose a 
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location that will bring this cost down to the economic minimum. The 
nearer the plant to the source of fuel, the less will be the cost of fuel to the 
user. 

Fuel is often bought at the mine by the larger consumers, who then 
provide for its transportation to the point of consumption. The cost of 
transportation may finally represent as much as 80 per cent of the total 
cost of fuel to some consumers. 

It is often proposed to locate principal power plants at the mouth of 
(!oal mines. Several plants are so located today. In many cases this is 
not practicable since the fixed cost of traiiBniission facilitieB overbalances 
the saving in fuel transportation. The optimum plant location will be 
at some point where the sum of these two costs become a minimum, pro¬ 
vided that^ther considerations are satisfied. 

3. Availability of reasonably pure water supply as make-up is a 
requisite for a steam plant or, alternatively, a supply of water that is 
usable after suitable treatment. The latter is more costly, but most 
waters do require some kind of chemical treatment or distillation before 
introduction to the cycle. 

An ample supply of cool water must be available for condenser cooling 
water in a steam plant. Since the cooling water increases in temperature 
IIS it absorbs energy from the condensing steam, it becomes important to 
limit, this rise in temperature to the lowest practicable value. The con- 
den.sing-steam temperature must be higher than the maximum cooling- 
water teinperatiu'e to effect the necessary heat transfer. Thus, the 
larger the difference between initial cooling-water temperature and 
iujiidensing-steam temperature, the lower the efficiency of the steam cycle 
and the lower the required mass of cooling water. 

1 n many plants it is economical to limit the rise in cooling-water tem- 
pci'iiture to a small value to gain in cycle efficiency at the expense of 
inrataused cooling-water pumping requirements. The temperature rise 
asun.lly falls between the limits of 10 and 20 F. Then, as there are 
usually between 950 and 1000 Btii in each pound of exhaust steam to be 
removed, the cooling-water requirements range from 45 to 100 ib per lb 

steam condensed. 

In the temperate latitudes, since the cooling water usually fluctuates 
with seasonal temperatures, a condensing-steam plant is more efficient in 
Ihi) winter than in the summer. To minimize this effect, the cooling- 
waU'T pump speeds may be varied so that greater rates of water flow may 
lit' provided in the summertime. 

th(; large steam plant the large cooling-water reiiuirement makes 
NibiH luljai'cuit to large bodies of water preferable* But in arid areas many 
I'nor 1 or 11 large plants use ctioliiig towers. For the small plants that are 
rlistaiitly situaUal from rivers or lakes spray ponds or cooling towers may 
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be employed. If feasible, wells may be driven to tap ground-water supply 
for cooling purposes. This usually suffices for jacket-cooling water in a 
diesel engine plant. * 

4. The cost of real estate upon which to construct a plant is relatively 
unpredictable. The price usually depends upon the probable competing 
uses for which the land may be used or wanted. Sometimes the mere 
hint that a large corporation is interested in a parcel of property may 
increase its price many times. The prices within city limits are high in 
comparison with a rural location. The fixed cost on the capital invested 
in real estate is not the only factor needing consideration. The taxes 
that will be levied at a location will be important in determining its 
desirability. 

In studying alternate plant sites the final selection will be guided by 
the total annual costs that must be met for all the above items. In 
addition there may be other considerations that have to be taken into 
account, such as the expensive provisions for eliminating smoke and 
noise nuisance in a location near a residential district. These may be 
neglected in other situations. 

The capacity of the plant will dictate the minimum size of plot and the 
quantity of fuel and water required, but otherwise it usually plays no 
part in deciding the final location of the plant. This decision is based 
almost wholly on the joint consideration and economic balance of energy 
transmission, fuel haulage, water supply, and realty cost. 

31-4. Equipment Selection. With the capacity and location of the 
plant settled the designer must determine the specific energy equipment 
that will give him an economic plant. For a steam-turbine plant he will 
be confronted with the problem of making a selection of equipment with 
pressures ranging from 200 to 5,00(f psi and temperatures from 500 to 
1200 F. The equipment may be arranged in a simple Rankine cycle, a 
reheat cycle, or a regenerative cycle with any number of heaters that may 
be'desired. Furthermore the station auxiliary equipment may be driven 
by steam turbines, engines, or electric motors. Finally there is a choice 
to be made between the products of different manufacturers. 

The variation in theoretical efficiency of a cycle will be followed quite 
closely by the variation in actual thermal efficiency with given cycle 
conditions. The change in thermal efficiency for a simple Rankine 
cycle with a fixed 3^-in.-Hg exhaust pressure with variation in throttle 
temperature and pressure is illustrated in Fig. 3-4. 

The thermal advantage of increasing pressures and temperatures is 
obvious, but as the pressures increase, the thickness of metal and com¬ 
plication of construction required in boilers, prime movers, and piping 
increase, with a resulting increase in cost. As the temperature increases, 
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the metallurgical specifications require rarer materials and the cost of the 
metal increases. 

Aside from the vapor state at the throttle, increase in economy can be 
realized by installing heaters and auxiliary equipment to operate on the 
regenerative cycle. The increase in theoretical thermal efficiency with 
increase in the number of heaters is shown in Fig. 3-8. Each extra 
heater adds a smaller increment in efficiency than the preceding heater 
so that there is not much advantage in using a large number. The 
economic selection will be such that the net return on the heater invest¬ 
ment will be as much as any alternate profitable investment that may be 
made with the funds expended on the heater equipment. 

The i-c engine cycles become more efficient as the compression ratio 
rises. As the ratio increases, the maximum cylinder pressure increases 
and requires heavier cylinder walls, pistons, crankshafts, and general 
construction and, therefore, a more costly engine. A two-stroke-cycle 
engine is generally lighter in weight and less expensive than a four-stroke- 
cycle engine of the same capacity, but the latter will be more efficient 
thermally. Modern engines use superchargers to develop more power 
from a given cylinder at a higher thermal efficiency. 

The thermodynamic cycle on which the engine operates determines the 
type of fuel that must be used, or more usually the kind of fuel available 
will determine the selection to be made. A plentiful and cheap supply of 
gasoline would act in favor of the Otto cycle; similar conditions for fuel 
oil would be in favor of a diesel engine. The latter condition is the case 
usually met in practice since fuel oil is generally cheaper than gasoline 
and both are usually available. 

Diesel engines in practice have the advantage of operating at higher 
(Jiermal efficiencies than comparable-sized steam plants, especially in 
the smaller capacity range. However, the maximum capacities of 
individual diesel engines are much smaller than for steam or hydraulic 
turbines. Maximum capacities of 30,000 kw in diesel engines have 
b(!on installed in Europe, but 10,000 hp is the largest actually built in 
111 is country. The maximum capacity of steam turbines projected is 
800,000 kw. Owing to this difference in capacities and aided by the 
I'lMit that coal is usually cheaper than fuel oil in most localities, the diesel 
tuigine has not found much application in large regional power systems 
('xcn^pt as a temporary expedient. The i-c engine has found its place in 
small municipal energy systems and some commercial and industrial 
UHtis where steam is not required and where water is relatively scarce. 

The selection of hydraulic-plant equipment depends principally upon 
like head of water available, in deciding among the three principal types: 
Oeli/on, Francis, and Kaplan. Obviously the hydraulic plant must be 
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capable of meeting the maximum energy demand at the time of its occufi* 
rence. The rate of water flow in most practical situations seldom reachli 
a maximum at the time ®f the peak demand; i.e., there is a diversity 
between peak demand and peak rate of flow. As a result the usefulncsi 
of the plant site in an isolated system is limited in installed capacity ta 
the probable water flow that will be available at the time of the peak 
demand, regardless of the fact that the flow may be many times thff 
amount at some other time of the year. Most industrial hydrauUd 
plants use only a fraction of the total flow in a river. j 

In a regional system containing several thermal plants the value of ii 
hydraulic plant depends mostly upon the flow available at the time of the' 
system^s peak demand. The usual procedure measures the usefuliieai 
and economic possibilities of a proposed hydraulic station by comparing 
its total annual costs with those of an alternate steam plant having the 
same firm capacity. The firm capacity is the maximum generation thal 
the hydraulic plant can produce at the time of the peak demand of the Unul 
curve of the system. The fuel cost in a large steam plant is often alioul 
one-half its total annual cost, the remaining costs being the fixed chargOM 
and the fairly constant cost components of operation. Since the ap^V* 
ating cost of a hydraulic station is a small part of its total annual 
it is economic to invest a 'greater amount initially, relative to a therninl 
plant, provided that the hydraulic plant can produce sufficient energy 
to serve the load at all the specific times when it is needed. 

When the surrounding terrain permits, the amount of flow through u | 
hydraulic plant can be increased above the natural flow rate by increiW?titig * 
the height of the dam and storing some of the river flow that would 
otherwise spill over it in off-peak hours. This stored water is termed 
“pondage.” By drawing upon the pondage in addition to using the 
natural flow at time of the peak demand, the firm capacity of the plant 
can be increased. 

. Most hydraulic stations are supplemented by steam plants or d lent* I 
plants. The hydraulic plant often is only an incidental source of energy 
in a major power system. For this condition it often pays to itmtldl 
turbine capacity in excess of the capacity available in river flow at the 
time of the peak load. The installed turbine capacity may be equal to or 
less than the maximum river flow. Then, whenever water flow i| (if 
sufficient magnitude, the hydrogenerated energy will displace suiiui 
generation at the thermal plants and save fuel. 

Some natural sites for hydraulic plants are not developed owing t(^ 
their distance from the nearest load center. The fixed charges on illK 
investment necessary in transmission facilities added to the curry lug 
costs of the plant, dam, riparian rights, and other items are enough Ml 
make thermal plants nearer the load center the better alternative hcIu^iuCi 
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'f'la'h' are other sites, ideal from a technical standpoint, that are impos- 
of development because the land that would be flooded is occupied 
li,V hii'gti towns or cities. The condemnation costs involved make the 
KiUhires economically prohibitive. 

11 - 6 . Equipment Cost. The cost of equipment varies with time, loca- 
Mmiii and capacity. Equipment prices are usually compared and quoted 
(♦II the basis of price per unit of capacity, usually termed the “unit 
As the capacity of a given type of machine increases, the unit 
|i(li'(' (l(!creases. Figure 31-2 shows the general trend and the trend of 



ria III Tl H'ot’otical relations of component manufacturing costs, machine capacity, 
I HI I imimI per unit of capacity show lower unit cost for larger machines. 

Uai 111)1 jor (U)st components in building a given type of machine. The 
((MdiMcurve decreases in slope as the capacity increases, starting 
lloMi IJh' origin. However, the engineering and labor costs, which 
llii>l(|ilc geiKiral overhead, increase only slightly with size or capacity. 
I III' hibor Mild overhead expense to build a machine twice a given capacity 
Iphh iJtiMi doubled in magnitude. The total-cost curve, which is the 
4IIII III (he (wo foregoing components, has a positive intercept at zero 
* iqiioth V which represents the cost of just maintaining an organization of 
iiiHii mid platif ready to produce. The shape of the total-cost curve is 
ulMillnr 1.0 material-cost trend. 

I III' reducl.ion in unit price with increase in capacity is a major argu- 
eiMid for itiHhilling large units of equipment. Evidently the cost of two 
HI null Inch equid in capacity to one large one will be more than the cost 
Him Mingle larger imudiiiie. 

II-li Plant Costs, (k)mparisons are made sometimes of different 
fimilM III reMpect to tlieir relative installed unit costs. Direct numerical 
I iMiqfiiiirtoiiH, how(‘V(;r, are meaningless unless accompanied by a detailed 
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analysis of each plant in respect to: the construction difficulties encoUfl** 
tered during erection; special foundation needs; overtime work needed 
to meet operating deadline; delays due to storms or strikes; equipment- 
transportation costs; availability of materials and skilled labor; and 
other differences caused by location, political circumstances, and general 
financial conditions. 

A comparison should also take into account the year during which U 
plant was built. Inflationary forces have steadily pushed prices upward^ 



Fig, 31-3. Estimates of investments in small steam-electric and diesel-electrio 
ating stations as of the mid-1950s. Lower limit indicates single-unit addition, wIdNi 
upper limit indicates unit in new plant. 


but skillful designing has counteracted this trend in large meaMUiUr 
Another factor lies in progressive manufacturing practices: after a now 
machine has been made available and has proved successful, its unit 
price tends to decrease. Development costs expended by the nmnii* 
facturer are often recovered in the prices of the first few units bultii 
After a number have been built, manufacturing economies are usual I y 
developed and are reflected in reduced prices for a better machine. 

Figure 31-3 shows one plant designer's estimate of the unit OOSt ut 
small steam-electric and diesel-electric generating plants as of the 
1950s. The upper curve applies to a new plant with one unit and iJiO 
lower curve to the addition of a unit in an existing plant. 

Figure 31-4 shows the unit costs for steam-electric central statinui i 
built during the period 1945 to 1957. The wide range in costs, even fur | 
equal capabilities, reflects the differing conditions under which they / 
built. 
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Samples of how low-cost and high-cost stations compare are given in 
the following tabulation: 


Capability, mw. 

135 

118 

375 

No. of units. 

' 1 

1 

2 

Fuel fired. 

Investment, dollars per kw: 

Land. 

Coal 

Gas 

Coal, oil, gas 

1.50 

51.80 

Structures. 

6.90 

2.80 

Boiler plant. 

52.20 

35.00 

79.10 

Turbine generators. 

37.20 

45.70 

35.40 

Electrical equipment.. . .. 

8.90 

9.60 . 

21.70 

Miscellaneous equipment.... 

0.80 

0.90 

1.70 

Total. 

106.00 

94.00 

191.20 


The unit cost of a plant cannot be taken as an unqualified measure of 
the excellence of design of a plant. The student should keep in mind that 
each plant is built to fit a unique set of conditions. Only a study of tho 
economic situation surrounding the particular installation will show tho 
quality of the engineering behind the construction of the plant. 

Hydraulic-station costs are extremely variable in installed unit coat 
owing to the investment needed in dam and headworks, which may 
require a very small to a very large proportion of the total capital outlayi 
depending upon the natural features at. the site. There is no point in 
quoting price ranges for given capacities because of the foregoing con* 
trolling conditions. Costs for most plants seem to range from $120 to 
$350 per kilowatt. 


PROBLEMS 

31-1. A central-station plant has the following turbogenerator units: two, 5,000 kwi 
four, 10,000 kw; and six, 25,000 kw. 

а. If the installed reserve is required to be equal to the two largest units, what In 
the maximum protected peak this station may carry? 

б . If the installed reserve is required to be equal to 10 per cent of the peak I oat I ^ 
what is the maximum protected load this station may carry? 

c. If this station is carrying a load of 156,300 kw at normal voltage and loses t Wil 
of its largest units, what percentage drop in voltage is required to maintain operiil lori 
and not increase the generation above the ratings of the remaining units? 

31-2. The central station in Prob, 31-1 is now carrying a peak load of 150,000 kWi 
A new load is to be added to the lines and will add 30,000 kw to the peak derMiiriih 
What is the minimum capacity that must be added to stay within an installed rcNcrvi 
requirement equal to the capacity of the two largest units? Can this capacity 
added as one unit? Discuss. 
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CHAPTER 32 

STATION PERFORMANCE AND OPERATION 
CHARACTERISTICS 


32-1. Performance Characteristics. Performance of generating platitu 
is compared by their average thermal efficiencies over a period of tinuJi 
Average thermal efficiency is“the ratio of useful energy output duritig 
the period to the total energy input for the period. This measure 
performance varies with uncontrollable conditions such as cooling-wator 
temperature, shape of load-duration curve, total output, and quality iif 
fuel; hence it is not a satisfactory standard of comparison unless all 
plant performances are corrected to the same controlling conditions. 
Such corrections are difficult to establish and questionable as to tholr 
accuracy. 

Plant performance is most precisely described by the input-output 
curve derived from tests of the individual equipment. Figure 32- III 
shows the general trend of such a curve, which follows the form defined 1 

y = a hx cx^ + dx^ + * * ‘ 

The time consumed in finding the equation of an input-output curve 
usually cannot be justified, and sd the curve is always expressed graphi¬ 
cally. In this text, however, since certain relationships between the 
input-output curve and its derived curves can be more clearly demon- 
■strated mathematically and because of the amount of space required by 
curves to be read to four significant figures, the characteristics will I mi 
given mathematically for examples and problem work. 

At zero load L the positive intercept for I measures the amount iif 
energy required to keep the apparatus functioning. This energy 
sipates as frictional and heat losses. Any additional input over tliM 
no-load input produces a certain output, the magnitude depending upon 
the machine. All the additional input does not appear as output, owl tig 
to partial dissipation as losses. From the basic input-output curve tlm 
more familiar efficiency curve and heat-rate curve may be dor! vim I 
directly, and also the incremental-rate curve. The use of the latter will 
be demonstrated later. An example of these companion curves is glvini 
in Fig. 32-1& and c. 
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' For the steam turbine, steam generator, steam Station as a whole, or 
i^el engine and station the input I is expressed in millions of Btu per 
hour and the output or load L in kilowatts. In a, fiydraulic plant the 
Input would be in terms of cubic feet per second of Water flow and the 
load in kilowatts. 

The efficiency curve is derived by taking at each load the corresponding 
jilput; then 

e = —j— X 100 per cent 

In plotted against the value of L. Instead of expressing the efficiency 


INPUT-OUTPUT CURVE EfFlClEMCY CURVE HEAT i INCREMEWTAL RATES 



Fill. !I2-I. Input-output curve and corresponding efficiency, heat-rate, and incre- 
tnniitnt -rate curves. 

IM a |)(!i'(HMitage it could be given as a ratio, the unit then being the 
part of a unit of output per unit of input. 

Tlio h(!ut-rate curve is derived by taking at each load the corresponding 
input; then 

HR = ^ Btu per kwhr 

hi plotted against the corresponding value of L, The heat rate is a direct 
fUhutioit of the reciprocal of the efficiency since 

1 341,300 

L L/I e/(3,413 X 100) c 

TIib lieat-rute curve can be expressed also mathematically. Thus, if 
IhM li I pii(/-output curve is defined by 

I = a-\-hL + cU + dL^ 

Until Hit = y = y + b + cL + dL^ 

ij Li 
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The incremental-rate curve is derived from the input-output curve by 
finding at any load the additional (or differential) input required for a 
given additional (or differential) load; the incremental rate defined as 

IR = ^ Btu per kwhr 

dij 

is plotted vs. the load L for the full range of the input-output curve. 
Mathematically the incremental rate is the slope of the input-output 
curve at the given load. Physically the incremental rate expresses the 
amount of additional energy required to produce an added unit of output 
at any given load. 

In Fig. 32-1 areas under the input-output curve have no significance; 
on the other hand, from the definition of an incremental rate, the areas 
under the incremental-rate curve measure the additional input required 
to increase output from Li to L 2 ; since 

dl = IR dL 

then I 2 — Ii = IR dL 

In the figure the area under the incremental-rate curve from L = 0 to 
Li is equal to the difference 7i — /o on the input-output curve. 

If the input-output curve is defined by 

I = a -\- hL -h dL^ 

then the corresponding incremental-rate curve is defined by 

IR = ^ = b + 2cL + ^ dL^ 
dL 

> 

Example 32-1. A 20-mw station has an input-output curve defined by 

/ = 30 -h 0.5L -h 0.65L2 -f O.OIL^ 

where I is in millions of Btu per hour and L is in megawatts. 

Find the increase in input required to increase the station output from 7 to 9 mw 
by means of the input-output curve and also by the incremental-rate curve. 

Solution. From the input-output curve 

At L = 7: 

/ = 30 -h (0.5 X 7) -h (0.65 X 49) -h (0.01 X 343) = 68.78 X lO^ Btu per hr 
At L = 9: 

7 = 30 -h (0.5 X 9) -h (0.65 X 81) -h (0.01 X 729) = 94.44 X 10® Btu per hr 
Increment input for 2-mw increased output = (94.44 — 68.78)10® 

= 25.66 X 10® Btu per hr 

From the incremental-rate curve 

IB = ^ = 0.5 + 1.3L + 0.03L» 
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AHHuming that from L = 7 to L = 9 the incremental-rate curve may be considered 
to be a straight line without serious error, then the average height of area under the 
curve between these two loads would be the incremental rate at L = 8 mw, or 

IR = 0.5 -h (1.3 X 8) -h (0.03 X 64) = 12.82 X 10® Btu per mwhr 

'rhen the increment input for 2 mw increased output is 

2 X 12.82 X 10® = 25.64 X 10® Btu per hr 

(cP. 25.66 X 10® Btu per hr). 

This good agreement between the two answers follows from the 
validity of the assumption made regarding the close approximation to a 




(b) 

1^(1, 32-2. Curves demonstrating equality of heat and incremental rates at minimum 
lieat rate for given input-output curve. 

Hl-raight line of the incremental-rate curve for the relatively small increase 
in load. For a large increment of load this assumption would not hold 
bi^ciause of the marked curvature of the incremental-rate curve; for such 
a condition to approximate closely the true increment input, the total 
n-f(ia would have to be arbitrarily divided into smaller areas and the 
height of each of these determined. The application of this method of 
tleUirmining increment inputs will be demonstrated in a later chapter. 
'I'lai reader is urged to plot the curves of this problem to afford a more 
complete appreciation of the discussion. 

Note in Fig. 32-lc that the incremental-rate curve crosses the heat-rate 
cnt'vc at the lowest value of heat rate when the two curves are plotted on 
common coordinates. The reason for this property becomes evident 
upon the following analysis: 

l'’igure 32-2a represents a continuous input-output curve on which 
will be one point {Im-jLm) where the tangent to the curve will pass 
through the origin. The equation of this tangent is 


Ifn — OiLm 
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where a is the slope of the tangent. But at the heat rate is 


^Tj p _ 

H I\>m j 


a 


NoWj if the tangent were considered an input-output curve, the corre¬ 
sponding heat-rate curve and incremental-rate curve would be a hori¬ 
zontal line with a value of Im/Lmi as shown in Fig. 32-26. Since thu 
actual input-output curve lies above this tangent at all other loads than 
Ljnj it follows that the heat-rate curve must be higher than Im/Lm at aW 
other loads. Then the heat rate is a minimum when HRm = a. 

The slope of the tangent to the actual input-output curve at Lmt 
being the slope of the curve at therefore equals the incremental ratfi 
at this load, or 


But 

Then 


a = IRm = 


a = HRm 


IRm = HR 


m 


dim 

dLm 


at I^m 
at Lfn 


or the heat rate of a continuous input-output curve is at a minimum 
when it equals the incremental rate. Since the incremental-rate curvo 
has a continuous increasing* characteristic, the two curves must croSB iit 
Lm when HRm = IRm^ A consideration of Fig. 32-26 shows that, for 
any load between zero and Lm, 


or 


IR < HR 
dL^ L 


Then within this load range for any increase in load from L to L + dL thB 
heat rate decreases since 


/ ^ I+ dl 
L L + dL 


Conversely, for loads in excess of Lm, 


or 


IR > HR 
dL^ L 


and it follows that for an increase in load from L to L -f dL the heat mMi 
increases since 

I . I+ dl 
L L + dL 

In other words, starting from zero load, the relatively low rat6 nt 
additional input per unit of additional output helps to decrease the \mii 
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hthi iiM t,hc load increases until the heat rate equals the inoremental rate. 
Afli'r the minimum heat rate is reached, the increment rate, which is 
aniitiiuiously increasing, causes a subsequent continuous rise in heat rate. 

Kqiialityof heat rate and incremental rate of an input-output curve 
Id. minimum heat rate is demonstrated very briefly by the calculus as 
follows: 

At minimum heat rate the slope of the heat-rate curve is zero, 


ir 

Then 

Itid 

or 


d{HR) d{I/L) ^ 
dL dL 

Ldl - I dL 

L^ - 0 

Ldl = I dL 

^ = l 

dL L 

IR = HR when HR is a minimum 


82-2. Origin of Performance Data. When new equipment for installa¬ 
tion is being considered, the manufacturer will supply the necessary 
(Ktrloi'tiiatice data. Such data are derived from design calculations and 
Mtimi'roiis experimental and shop tests that were run by the manufacturer 
on itlmilar equipment. For turbines manufacturers often quote expected 
|M*i'l'firtmitice from one-quarter to full load and guarantee a performance 
I cent poorer than expected. For steam generators it is customary 
io Kum'aiitee the performance only at full load. Though performance at 
ol linr loads may be quoted, it is not guaranteed. 

I ti|Mii.-r>utput and associated characterLstics of existing equipment are 
loiiiiil by tc.sts run in the plant. Considerable care and preparation are 
ltu|itii’t’d to ensure results of a reasonable order of accuracy. The 
ItH'l liiid of testing power plant equipment is codified in minute detail in 
Him power test codes sponsored by the ASME. At best, tests of the 
hlKliMMt order of precision are only approximations because measure- 
liiMiil M of I (liy.sical quantities are in reality approximations. The accuracy 
111 lestN or measurements depends upon the following factors: (1) the 
plMMlMioii of iustriiments used for measurements, (2) proper application 
111 liiMtnimciits to erasure correct indications, (3) exactness of reading of 
^will'llmeiit indications by observers, (4) degree to which a sample of a 
litiili truly represents the entire batch, and (5) the method of conducting 
mil Mumpiiting the test and test results. 

TIim preciNioii of tc.sts of turbines is usually of the order of +2 per cent; 
loi (.tiilou'-lired .steam generators it is about +5 per cent; for steam gen- 
mmiIoi'm It red by gtm, oil, and pulverized coal it i.s about +4 per cent. 

TurbineH arc tested by making rims for at least I hr at each maxiimim 
Viilve opening and at loads halfway between the maxiimim valve openings. 
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Steam flow is condensed and weighed; generator outputs are read by 
indicating wattmeters every minute; and temperatures, pressuresj 
vacuums, and barometers are read every 5 min. All instruments are 
calibrated against suitable standards before and after the test, and cor-* 
rections determined from these calibrations are applied to the observed 
data before making final calculations. It is customary to correct the 
calculated test performance to standard conditions of pressure and 
temperature at the throttle and standard pressure at the exhaust. If 
the turbine drives an a-c generator, corrections also must be made to a 
standard power factor. Where it is impossible to condense the steam, 
the test code permits use of standard orifice plates to measure the fluid 
flow, the manometers being read every minute during the test run. If 
the fluctuations are very severe, the test run may be increased to 2 hr or 
more to reduce the influence of the errors of manometer reading. 

Duration of steam-generator test runs depends upon the uncertainty 
in fuel measurements and water measurements; for instance, in a stoker- 
fired steam generator there is always a certain amount of incompletely 
burned fuel on the stoker, and it is extremely difficult to make this the 
same at the beginning and end of a test run. Similarly the water level 
in the boiler drum may be different at the beginning and end of a test 
run even though the gauge may read the same. By making a test run 
long enough the effect of these unknown quantities can be reduced to a 
suitable degree. Usually low-load test runs are made for 48-hr and full¬ 
load runs for about 24 hr. Pulverized-coal-fired and oil- and gas-firod 
boilers are generally run 8 to 12 hr on each run. Feedwater to the boiler 
is weighed, as well as the fuel; samples of fuel are taken from each weighed 
batch for calorific and ultimate analyses; temperatures, pressures, and 
drafts are observed every 15 or 30 min; and gas analyses are made at 
various passes in the steam generator every 15 or 30 min. 

Two or more test runs are usually made at each of four or more mtm 
of steam generation. It will be evident that determination of the boiler 
input-output curve involves much more work and time than the com* 
parable turbine characteristic. However, it requires probably more skill 
to operate a steam generator at optimum efficiency at all times than ti 
steam turbine or steam engine. 

32-3. Average, or Integrated, Heat Rate. With a load-duration curve 
and input-output curve given we can predict the average heat rate of t.lui 
operation of a unit of equipment or a plant as a whole for the given 
period, since 

A TTT^ total input during period 

verage total output during period 

The average heat rate (see Fig. 32-3) for a plant with the input-output 
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phariKiteristic shown operating on the given load-duration curve would be 


Average HR ~ 


Ii -|- 12 A^2 H“ ■ ' ■ + /e A^6 

Li A^i -|- L 2 A^2 “h ■ ' " “b i/6 A^6 


Apt >111 alternate evaluation, divide both numerator and denominator by 
Ihe total time t] then 


Average HR 


S(/ M)/t ^ _ average input rate 

'L{LM)/t U average load 


Whcrti t = S(Ai) is the total hours in the period. 



Tlir load-duration curve, as shown by the solid line in Fig. 32-4, is a 
|yi>lciil shape for an actual plant. This shape proves troublesome in 
lUlliputing the average heat rate. It may be simplified to an equivalent 
(iurve by dividing the total time into a convenient number of 
lilinrvni.s. average load for each interval is found, usually by 

... l>y kcoping the area under the average load curve (horizontal 

dull I'll liritO e(|ual to the area under the actual load curve (solid line). 
I Hu i’hil iuvestigatioii shows that this modification introduces an enthely 
iipgligihli' (‘rnir and in completely justified by the saving in calculating 
UhMv 

the fact that the input-output curve is a plot of instantaneous 
rate vs. the instantaneous load, the same numerical coordinates 
iHM lit' iiHcd to plot the average input rates vs. the average loads. For 
gi'tit'I'd I shape ot load-duration curve, the average load vs. the average 
will plot at some point above the input-output curve. That all 
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possible average performance points will lie within a certain area abovo 
the input-output curve is the purpose of the following demonstration and 
proof: ^ 

In Fig. 32-5a and h are shown an input-output curve and its corre¬ 
sponding heat-rate curve. If the station should operate at a constant 
load La in Fig. 32-5c for a total considered period, the average input rato 
and average load will be identical, respectively, with the instantaneouw 
input rate and load. Then, for a series of constant-load load-duratioilj 



Fig. 32-4. Method of simplifying a load-duration curve. 

curves as in Fig. 32-5c, the average input-output curve l-a-6-2 iin In 
Fig. 32-5e would be a reproduction of the instantaneous curve III 

Fig. 32-5a. The same holds for the instantaneous and average heat-ndn 
curves as in Fig. 32-5b and /. 

Suppose that the station operates at only two different loads durliiK 
an entire period such as at La and Lb in Fig. 32-5d. Then, as the numlinr 
of hours of operation at each load is varied, the load-duration-oufvd 
shapes would vary as indicated by the dotted lines in the figure. Thu 
locus of the average heat rates in operating at the two load lovnli 
exclusively can be demonstrated as follows: 

Let 

r = average input rate for total period of i hr i 

L' = average load for total period of ^ hr J 

la — instantaneous input rate for instantaneous output of La I 

Ih = instantaneous input rate for instantaneous output of Lh i 

ta = hours of operation at load La 1 

4 = hours of operation at load Lb 
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INPUT-OUTPUT CURVE hEAT RATE CURVE 




100% LOAD FACTOR DURATION CURVES 


LOAD DURATION CURVES WITH 
VARYING PROPORTIONS OF TIME 
AT LOADS Lg & Li, 




INPUT-OUTPUT ENVELOPE hEAT RATE ENVELOPE 
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Then 

t — ta 1 ~ 4 

(32-1) 


lata + Ibtb 
^ ^ t 

(32-2) 


j f Lbtb “b Lata 

^ - t 

(3:^3) 

From (32-1) 
Substituting in (32-2), 

ta t 4 

(32-4) 


11 

1 

+ 

(32-5) 

and solving. 

II 

1 1 

(32-0) 

Substituting (32-4) in 

(32-3), 



-j. , La{t — 4) H" Lbtb 
^ - t 

(32-7) 

and solving, 

tb{Lb — La) 

^ ~ V - La 

(32-.8) 


Equating (32-6) and (32-8), 

4(^6 — la) _ tb(Ljh Lg) 

r - Ia~ ~ V T La 


Clearing and transposing, 



(32-10) 


All the factors in the bracketed terms are constants. Then the gencriil 
form of the equation is 

y = a hx 

where F and U correspond to the variables. Then the locus of thi* 
average input-output points for varying hours of operation at two vuliUiK 
of loading, keeping the total period hours constant, is a straight \\m 
connecting the two points (corresponding to the load values) on the inpiM - 
output characteristic such as the dotted line a-b in Fig. 32-56. 

By inspection, it will be seen that a straight line connecting the tWii 
terminal points of the curve 1-2 will be above any line connecting nntt 
two points on the curve. Furthermore, no point defined by I' and L 
can be below the curve l-a-6-2. Then the area l-a-6-2-1 constitute! uil 
envelope that encompasses all possible values of average input and averi||tt 
output intersections or plots. The corresponding heat-rate envelope li 


STATION PERFORMANCE AND OPERATION CHARACTERISTICS 623 


ihovvn in Fig. 32-5/. The left end of the latter envelope is at zero load 
ilid infinite heat rate. 

1’hus, depending upon the degree of curvature of the basic I-L curve, 
ft power station may have a wide or narrow range of possible average 
heat rates. At a given average load it will, therefore, be possible to have 
i considerable variation in average heat rate, the magnitude being 
govcrried by the shape of the load-duration curve. The limiting case 
for /(ii'o envelope area occurs when the input-output curve is a straight 
line. 

The envelope area also diminishes as the limits of load between which 
! load curve lies is narrowed, such as between loads La and Lb in Fig. 
W2 •fw and /. The upper limit of average input rate is defined by the 
duU( id curves drawn between a and b. 


Example 32-2. The input-output curve of a 20-mw generating station is defined by 
/ = 30 + 0.5L -h 0.65L2 

Wimre / in in millions of Btu per hour and L is in megawatts. Find the average heat 
of iJiis station for a day when it was operating at a load of 20 mw for 12 hr and 
"WlW kepi- hot at zero load for the remaining 12 hr. Compare this average heat rate 
Wllh IJin licat rate that would obtain if the same energy were produced for the day at 
ft (UiliMtaiit 24-hr load, i.e., at 100 per cent load factor. 

Holidion 


Al /- - 0; 


f — 30 + 0.5 X 0 + 0.65 X 0 = 30 X 10® Btu per hr 

Al - liO; 


Al - 10: 


/ = 30 + 0.5 X 20 + 0.65 X 400 = 300 X 10® Btu per hr 
2 /v = (0 X 12) + (20 X 12) = 240 mwhr 
2 / = (30 X 12) + (300 X 12) = 3,960 X 10® Btu 
3 960 X 10® 

Average daily HR — 240 X 10^ ~ 16,500 Btu per kwhr 

Average L = = 10 mw 

30 

HR = 0.5 0.65L 


NR - 3.0 + 0.5 -h 6.5 = 10 X 10® Btu per mwhr, or 10,000 Btu per kwhr 

TiiiiH, if it were possible to redistribute the generation of the total daily 
iUl jMif U) a constant rate for the 24 hr, a saving of 


16,500 - 10,000 = 6,500 
|M'i* kwhr could be achieved. 

I he input-output curve and its companion curves can just as readily 
^ plnttod with the capacity factor as abscissa instead of the kilowatt 
Isndi hy plotting in this fashion it can be more readily demonstrated 


























624 


POWER ECONOMICS 


that a narrower envelope defined by the load factor will encompasi 
possible performance points.^ 

As the first step of this analysis note that the range of values that the 
load factor can assume is definitely limited by the value of the capacity 
factor. It has been shown in Chap. 30 that 

LF = CF 

where LF = load factor 

CF — capacity factor 
Cap = capacity, kw 
peak load, kw 

Then for the normal case, since capacity is a constant and the peak 
load cannot exceed the capacity, the load factor for a given value of 



Fig. 32-6. Correlation of load and capacity factors. 


capacity factor can assume any value between unity as an upper llitlil 
and the magnitude of the capacity factor as a lower limit (Fig. 32-6)* 

In the input-output curve in Fig. 32-7 the abscissa is scaled in termi dj 
capacity factor. Assuming that the equipment represented by tllll 
curve operates between loads equivalent to 10 and 100 per cent capanlfl 
factor, the over-all envelope can be immediately drawn by conncotlhj 
these two extreme values by a straight line. Now at any given Gapju}lll| 
factor the upper limit of average input will be on the straight line wliidl 
will be at the lowest possible value of load factor (= capacity factcit) 
It has been shown in a previous demonstration that the lower limit q 
average input rate will fall on the input-output curve, for which 
dition the load factor is unity, or 100 per cent. 
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At any selected intermediate value of load factor for a given magnitude 
♦if Oapucity factor, the upper limit of the average input will be found by 
tlatarmjning the value of the corresponding maximum load as a per- 
Hmtnge or ratio of the capacity, i.e., 

^ ^CF 
Cap LF 

I I^Im maximum load is located on the input-output curve by regarding 



Capacity Factor - Percent 

I'Ki. .'12-7. Input-output-curve envelope as limited by load factor. 


Il W ttli viilcnt capacity factor. For example, referring to the figure, 
M Hi (1(1 pel cent capacity factor the upper limit of average input is 
lor a load factor of 75 per cent, then 


CF 

LF 


^ _ n 8 - 
75 ~C^ 


h* Ihp peak load for this condition is 80 per cent of the capacity. Then, 
IlHlIhK MO per eont capacity factor (which is equal to 80 per cent of 
»H|aio||,,v) on tlio input-output curve, a straight line is drawn to the 
(Rliiliaiim load at 10 per cent capacity factor. Where this line intersects 
»l(l( llin (10 per cent capacity factor ordinate lies the upper limit of 
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average input rate for a 75 per cent load factor. By finding the limit 
at all values of capacity factor for 75 per cent load factor this locus can 
be defined. A similar procedure can find the locus for any selected value 
of load factor. Several such loci are shown in the figure. The corre¬ 
sponding heat-rate curves are illustrated in Fig. 32-8. By defining the 
minimum load factor of a load curve the possible range of values of 
average input rates is appreciably diminished. 



Fig. 32-8. Station heat-rate envelope as limited by load factor. 


32-4. Load Division. A system having more than one unit of similar 
generating equipment has the proper division of load as a probleiUt 
Improper load division may appreciably decrease the thermal efficiency 
of the system as a whole. Figure 32-9 represents the input-output curviw 
of two units that are to operate in p^aliel and supply a common loiuli 
Since A is obviously more efficient throughout its load range, the tendency 
would be to jump to the incorrect conclusion that A should be loaded 
first to capacityj then unit B. 

The problem is correctly attacked by plotting the sum of the input4 
to A and B against the load on A for a given constant load on the two 
units as in Fig. 32-10. For a total load of 8 mw on the two unite, In 
placing zero load on A and 8 mw on the total combined input is 14H 
million Btu per hr. As the load is shifted from B to A, maintaining thn 
combined unit output constant, the total input decreases until A carries 
5 mw and B carries 3 mw. Shifting more load onto A then increases tlm 
combined input. For maximum economy this load should be divided 
so as to require the minimum combined input. By plotting a series uf 
constant combined output loci it would be possible to determine the 
division of load for the entire range of capacity of the two units, as shoWU 
in Fig. 32-10. 

This method is cumbersome and becomes unwieldy when more than 
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Iwo units run in parallel. The basic principle of economic load division, 
fleinonstrated in the following,* leads to a simple solution for the general 



0 z ■» 6 B io 

UfiiJ Load fLtOr Lj - Mega waffs 

yiM, Input-output characteristics of 
UltltM A and B. 
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Load on Unit A(La)-Mw. 

Fig. 32-10. Variation of combined input 
with varying load division between units 
A and B of Fig. 32-9. 

gisn; I aking any combined constant-output locus in Fig. 32-10, at the 
puiui of minimum input, ’ 

dh 


Wlmro 

Tllitn 


dLa 


= 0 


dig . dih _ ^ 

dLa^dLg~ 


ftllt 

(‘rum (:i2-1.3) 

Mill mIiicc /a, is a constant, 


Jc ~ la + Ib = combined input to A and B 
Lc = La + Lb = combined output of A and B 

dLa 

dl a dib 

dLa dLa 

dIb dl,b dLb 

dLa dLb dLa 

dLb dL^ dLa 

dLa dLa dLa 


dLb ^ ^ 

dLa 


(32-11) 

(32-12) 

(32-13) 

(32-14) 

(32-15) 

(32-16) 

(32-17) 

(32-18) 


^ and T. H. Smith, The Theory of Incremental Rates .... 

Bn^mevrinOf March, 1934. 
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Substituting in (32-16) 
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dh 
* dU 

_ ^ 
dLb 

(32-19) 

Substituting in (32-15), 



dia 

dLa 

_ ^ 
dLb 

(32-20) 


or, for minimum combined input to carry a given combined output, th© 
slopes of the input-output curves for each unit must be equal. But 
the slopes of these curves are the incremental rates which have been 
previously demonstrated and correlated with the input-output curve. 



Fig. 32-11. Incremental rates of units A and B and their combined incremental-nil# 
curve. 


Then by plotting the incremental-rate curves as in Fig. 32-11 fof 
the two units 'A and B of Fig. 32-9 all that is necessary to divide ill© 
load economically is to maintain the incremental rates equal and seloot 
the loads accordingly. Thus at an incremental rate of 12,000 Btu pof 
kwhr the load on A should be 4,700 kw and on B it should be 2,400 kw tu 
generate a combined load of 7,100 kw. 

To expedite load division for varying total loads, the combined inert* 
mental-rate curve is plotted by adding up the loads at each incrementiU 
rate and plotting the sums against the particular incremental rate. Thi 
curve A -h B is such a combined curve as in Fig. 32-11. From zero 111 
3,200 kw total load the combined curve coincides with that for ourvf A 
In this range unit A takes all the load while B operates at zero loiub 
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From 3,400 kw up the total curve progresses upward toward the right 
io 10,900 kw, at which point B reaches full load. The section of the 
4otal curve following this load is a reproduction of the upper portion of 
^e A curve. To divide the total load of 10,400 kw, the intersection of 



Tofal load - Mw. 

Fig. 32-12. Load-division schedule of units A and B. 

Ihci load ordinate with A ^ is found; following across at constant 
Ini'i'i'incntal rate to the intersections with A and B, we find that A should 
eiii ry ri,700 kw and B should carry the remainder, 4,700 kw. 

I Ills method of load division can be extended to include any number 
Ilf iinit.s. The loading schedule with the aid of these curves may be 
|Mtw>iited in tabular form as in Table 32-1 or in graphical form as in 
Hg, 32-12. 


Table 32-1. Load-division Schedule, Units A and B 
(Load, megawatts) 


Total 


Unit A 


Unit B 


Total 


Unit A 


Unit B 


2 

4 

(I 

H 

10 


2.0 

3.5 
4.3 
5.0 

6.5 


0.0 

0.5 

1.7 

3.0 

4.5 


12 

6.1 

5.9 

14 

6.5 

7.5 

16 

6.9 

9.1 

18 

8.0 

10.6 

20 

10.0 

10.0 


TIutHc input-output curves and derived incremental-rate curves dis- 
misund in the foregoing figures are typical of reciprocating steam engines 
KIhI Nlnuin generators and also diesel engines. Multivalved steam tur- 








































































630 


POWER ECONOMICS 


bines have input-output curves like those illustrated in Fig. 32-13. Thin 
is a rather complex shape and involves sudden changes of slope at thii 
initiation of the valve openitgs and points of inflection in the separate 
sections of the curve beyond the initial valve openings. The increment 
rate curve of the true input-output curve becomes very complex and 



Fig. 32-13. Modification of steam-turbine 
input-output characteristics. 



0 loitf 

Fig. 32-14. Incremental-rate curve 
rived from modified steam-turbine oliftt 
acteristics. 


difficult to use. For most purposes it is sufficiently accurate in 
simplify the input-output curve by connecting the maximum valvi» 
opening points by straight lines as shown dotted in Fig. 32-13. ''rhn 
relatively slight deviation of this modified characteristic from the irua 
one is of no practical moment. Owing to the constant slopes between 
valve-opening points, the resulting incremental-rate curve has a 
shaped appearance, as in Fig. 32-14. The vertical sections of the ntirve 
merely indicate that the horizontal sections all refer to the same maehinti 
actually the change in slope of the input-output curve at the valva 
opening points does not pass through all the intermediate values suggiml iMl 
by the vertical connecting lines. 

In dividing load between turbines of this type to achieve maximum 
fuel economy, the principle of equal incremental rates still pr(wallp*i 
Since the incremental-rate curves are of a discontinuous nature, It 
generally impossible to hold the turbine increment rates at equal valtnmi 
Fundamentally the principle of equal incremental rates may also In* 
regarded as apportioning an increase in load to the machine or 
that will incur the minimum increase in input. For contimioUH 
mental-rate curves this results in maintaining the incremental rai<<m of all 
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mimliines equal at all loads. For discontinuous incremental-rate curves 
it any total load the machine with the lowest incremental rate picks up 
(he load. Figure 32-15 shows the incremental rates for two turbines A 
Atul li. Starting at zero combined load, machine B picks up to load Li 
wll li A remaining at zero load for a total load of Li. With increasing 
liital load, B remains at Li and A picks up load to L 2 for a total load of 



l**in, ;r2-15. Example of discontinuous incremental-rate curves and their combined 
Mlirvn. 

h\ |- />■!• The combined incremental-rate curve of the two machines is 
tlie (lot ;-dash line. For any increase above Li L 2 , A carries it on its 
iaeoiid valve to L 3 for a total load of Li -h L 3 . Note that the combined 
llierenientalT-rate curve for the two machines is of an increasing nature, 
lliil ieal,irjg that at all loads the increase is picked up at the maximum 
economy. 

'To divide load Lt between two machines, we find that it intersects the 
HMinbiii(*d curve at the sixth step. Reading to the left, we find that the 
Vuriiiiioii in load is being taken on the third valve of A and that B is 
(iHi'iying load at the maximum point for its third valve. For any 
IliinilK'r of steam turbines, if none of the steps have the same incremental 
I'ale, Uus combined incremental-rate curve will contain the same number 
ol' hIp] >H us the sum of the steps in the individual incremental-rate curves. 

32-5. Station Performance Characteristic, The performance of any 
Individ uul piece of power-plant equipment such as a boiler, turbine, 
dlr»N('l (Miginc, pump, fan, or heat exchanger may be described by an 
oul put curve. Since a station is made up of several of these dif- 
rMienf r, u’ms of apparatus, their performance characteristics must be 
llil I'KiiiUid so that the performance of the station as a whole may be 
Mi^|ir('HH(*d by a single input-output curve. 

I''igure 32-16 shows the major curves for a steam station. A boiler 
MUi VC iiMHUin(!S the general form heretofore considered, but both ordinates 
Will be scjiN'd in Mtu per hour. The input will be the product of the fuel- 
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flow rate, and its calorific value, and the output will be the product of thu 
steam or water flow and it^ enthalpy rise through the boiler. In thill 
case two boilers, or steam generators, are feeding a turbine. The curVf | 
for one boiler and for both boilers combined is indicated on the graph* 1 
Since both boilers are identical, the combined boiler curve is easily 
reproduced by merely doubling all values for the single boiler curve. : 

The turbine-generator curve has a somewhat more complex fornrif 
depending upon the number of valves and their arrangement. The curve 
is for a unit having three sets of valves. The reason for the trends of 
this curve is discussed in Chap. 12. The input is in Btu per hour and the 
output in kilowatts. j| 

The energy required to drive the auxiliary equipment of the statioil'|’ 
varies with the station load. _The correlation is often of the siinplii 
y = a hx form, and the slope may be relatively flat. The auxiliary 
energy requirements for the entire station are plotted against the turiiine-^ 
generator or gross station load (Fig. 32-16c). This curve may be readily 
converted to the form of station net load plotted against gross load lu* 
indicated in Fig. 32-16d. 

The method of combining these curves is based on tracing a given 
magnitude of energy entering the boilers (and therefore the station) ' 
through the station equipment and finding the amount that finally 
emerges as useful energy for transmission and distribution. Starting 
in Fig. 32-16a with a block of energy Ii as input to the boilers, a certain 
portion Oi appears as output leaving in'the steam which in turn becomtti 
the turbine input in curve h. This input 0i produces a block of energy 
at the generator terminals, Li kw. Some of this energy must be divorttMl 
for auxiliary operation, the remainder being available as the final product 
of the station. Going to curve d with Li gross kilowatts, find Lg ] 
kilowatts available for distribution. Then, by plotting L 2 kw iigriiimti ^ 
Ix Btu per hr input in curve e, the performance characteristic of the station 
as an integral unit is determined. 

32-6. Station Incremental Rate. The incremental rate of the statinii 
as a unit may be found directly from the resulting input-output curve in* ] 
in Fig. 32-16e. It is often more convenient and somewhat more aoouriiti* 
to calculate the station incremental rate from the individual equipmnni I 
incremental rates.* 1 

Let j 

dl/dLn = station incremental rate = Rat \ 

dl/dO = steam-generator incremental rate = Rh 1 

dO/dLg = turbogenerator incremental rate = Rt 
dA/dLg = auxiliary consumption incremental rate = Ra 

* M, J. Steinberg and T. H. Smith, The Theory of Truirement-iil Uatoi , . , , j 
Electrical Engineering y April, 1934. 
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STATION AUXILIARY DEMAND 



(cJ 


GROSS vs NET STATION OUTPUT 





STATION PERFORMANCE 



(e) 

^|M \i\. Input-output curves of component station equipment and derivation of 

lUllnii input-output curve. 
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Then, by identity, 


dLn 

Rst 


dO ^ dL, ^ d.L^ 

«>X«-X3(zf^) 

RtX RtX 

V V ^ 1 


By following the incremental-rate curves of the individual equipment III 
a manner similar to that for the-input-output curves of Fig. 32-16 tho 
station incremental rate can be computed and plotted. 

32-7. Capacity Scheduling. In a power plant with several units immi 
of the units need be in operation only when the peak demand occurs. A 
schedule is needed to indicate the order and the total plant or system 
load at which the various units should be placed in operation. ^I\| 
establish a basis for reasonable continuity of service, sufficient capacity 
should be operating at all times so that in case of failure of the I argent 
unit of capacity in service the remaining active units should be capabltt 
of maintaining energy supply without interruption. 

If the minimum load is equal to or less than the capacity of a single 
unit, two units will have to be placed in operation to protect continuity 
of service. The order in which the units are placed in service dcpciuln 
upon their relative efficiencies. The most efficient machine is placeui 
in service first, followed by machines in descending order of efficiency 
needed. The load is divided among the units in operation on the 
of equal incremental rates. 

As an example, a system has the units of capacity shown in the fc^lltaw¬ 
ing tabulation, with the indicated order of efficiency: 


Unit 

No. 

Capacity, 

mw 

Order of 
efficiency 

1 

5 

7 

2 

10 

5 

3 

10 

6 

4 

20 

4 

5 

50 

2 

6 

50 

1 

7 

70 

3 
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For the given conditions the capacity schedule would appear as in the 
Allowing tabulation: 


Capacity in Operation 


Mw system 
load 

Unit 

Total 

1 

2 

3 

4 

5 

6 

7 

0 





50 

50 


100 

50 





50 

50 


100 

50-h 





50 

50 

70 

170 

100 





50 

50 

70 

170 

100 -h 




20 

50 

50 

70 

190 

120 




20 

50 

50 

70 

190 

120 -h 


10 


20 

50 

50 

70 

200 

130 


10 


20 

50 

50 

70 

200 

130 + 


10 

10 

20 

50 

50 

70 

210 

140 


10 

10 

20 

50 

50 

70 

210 

140 + 

5 

10 

10 

20 

50 

50 

70 

215 


l^'rom loads of 0 to 50 mw two units run; upon the loss of one the 
fiiuaining unit could carry the load in this range. From loads in excess 
of 50 mw the loss of the largest unit, 70 mw, would not shut down the 
lyHiein because of lack of active capacity. Note that, though the 
CgpiKuly of the system is 215 mw, the maximum protected demand that 
it (mil carry is 215 — 70 = 145 mw. The manner in which the capacity 
Would vary over a day is illustrated in Fig. 32-17. 



Fio. 112-17. Hourly variation of capacity with demand. 
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The turbine or engine capacity in active operation is termed the “spirw 
ning” capacity. The spinning capacity for minimum protection, an 
shown in the preceding, shbuld always be greater than the load. Th® 
difference between spinning capacity and the load is termed the spin¬ 
ning reserve.” The minimum magnitude of the spinning reserve i« 

generally equal to the capacity of the largent 
unit. This reserve does not designate certain 
specific units of the group but is merely U 
portion of the total spinning capacity that 
protects against the accidental loss of thw 
largest unit. 

In some power systems having a relatively 
large number of units the total installed 
capacity as a minimum is not allowed to liu 
less than the sum of the peak demand ex¬ 
pected plus the capacity of the two largert 
units; i.e., the installed reserve is maintained 
equal to the capacity of the two largoit 
units. There is no general fixed rule re¬ 
garding the required installed reserve; some 
systems specify three units, and others ri 
certain percentage of the expected peak 
demand, while others depend on a proliw* 
bility analysis (Sec. 31-2). 

32-8, Hydraulic-station Operation. T\w 
question of load division and capiK^itJf 
scheduling for a pure hydraulic system tuti 
using toy thermal equipment is subject to 
the water flow available and the peak div 
mand to be met. In a properly dcsigiictl 
hydraulic system sufficient water flow t» 
normally available to meet the demand at 
any time. At times of low flow it iiui.y 
require careful scheduling of units to rnaiii’' 
tain optimum efficiency at all load levels to meet the system demand. 

When a hydraulic station is one unit of a system containing both 
hydraulic and thermal stations, its operation will generally be handled 
in a somewhat different fashion. Since the fuel-cost component I* 
absent in hydraulic operation, the water-generated energy would be nm[\ 
whenever possible. When the river has ample flow, the plant is loadiul 
continuously to produce the maximum energy possible with its e(iuip" 
ment to carry the base of the load curve (Fig. 32-18a). The plant caijaell y 
or the energy in the river flow, whichever is the smaller, is a kw. WlKm-* 



ation of hydraulic plant dur¬ 
ing maximum river flow; (h) 
peak-load operation of hy¬ 
draulic plant during minimum 
river flow; (c) energy-load 

cTirve for (a) and (b). 
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iver the load drops below the plant capacity or the energy in the river 
flow, as beyond a' hr, some of the water may flow over the dam spillway 
1 / storage is not available. 

At periods of low flow careful attention should be given to the available 
Water flow and its use so that the hydraulic-plant capacity is available 
to help carry the peak load of the system. This is usually done by 
ihutt ing down the station and storing the river flow during off-peak 
hooi’H as pondage and then at the time of the peak period placing the 
itation in operation by drawing upon the pondage. It is generally 
POMsible to estimate closely the amount of river flow available for a 
iortnng week and, therefore, the amount of energy. The system load 
it which the hydraulic station should be cut into operation is estimated 
In Ibo following manner: With the probable load curve for the coming 
Waok known as in Fig. 32-186, the load-energy curve as in Fig. 32-18c can 
bn calculated. If the amount of energy in the river flow is equal to 
6 ' — c/ kwhr, this amount of energy is supplied to the load curve in its 
Upp< w load range. Then, upon laying off 6' — c' kwhr from the total 
intirgy in the load curve on the load-energy curve in c, it is found that 
thiH amount of energy is contained in the area above c kw. Thus, 
WlM'iicvcr the load exceeds c kw, the hydraulic station is cut into operation 
Iful carries the variable portion of the system load while the thermal 
plaiifH carry a constant load. The difference 6 — c kw must not exceed 
lha capacity of the hydraulic station. If it does, this means that the 
lhai 'inal plants will increase their load at the time of the peak load to 
(ll'avcnl overloading the hydraulic station; the hydraulic station will be 
ill at a lower load than for the former case. 


PROBLEMS 

ll-l. An input-output curve of a 100-mw station is expressed by the formula 

I = 106(180 -h lOL -h 0.001L3) 

tllfin / Ih in Htu per hour and L is in megawatts. 

M. Idnd tlie load at which the maximum efficiency occurs without plotting any 

IMI'Vcm 

h, I'lol- lln^ heat-rate and thermal-efficiency curves. 

l''or tlui station in Prob. 32-1 compute the input from 0 to 100 mw in 10-mw 

AwHiiniing that the equation of the input-output curve is unknown, compute and 
pIlM I he incnniiental-ratc curve for the station from these data. 

ft, ( biMpiite and plot on the same graph the true incremental-rate curve, 
ll-l, 'The input-output curve of a 150-mw station is given by 

J = 10® X (250 + 5L + 0,03L2) -h L* 


Hi I*Io(, tint input-output, heat-rate, and incremental-rate curves. 
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h. Calculate the load at which minimum heat rate occurs^ and check with the ploti 

c. What is the area under the incremental-rate curve in Btu per hour between thi 

loads 0 and 120 mw? ^ 

d. What is the additional input to generate 20 mw above 120 mw? 

32-4. A 10 -mw diesel engine has the following heat-rate curve, ^ 

! 

HR = 10^ X + 4: + 0.3L + O.OIL^^ 

where is in Btu per megawatthour and L is in megawatts. The annual load-dUTii!! 
tion curve is linear between the given points of Table P-1 for the above engine. 

Table P-1 


Load, mw 

Hours duration 

Load, mw 

Hours duration 

10.0 

0 - 

5.0 

4,500 

8.0 

500 

5.0 

5,500 

7.6 

1,000 

2.0 

7,000 

7.4 

3,000 

1.0 

8,000 

7.0 

3,500 

0.0 

8,000 


At zero load the engine is shut down. 

a. Find the annual average heat rate for the engine, using the average loadi for 
2 ,000-hr intervals, 

b. Find the average heat rate, using 1,000-hr intervals. 

c. Plot the heat-rate envelope for the engine between loads of 1.0 and 10.0 mw. 

d. Plot the average heat rate from b in the envelope. 

32-6. Turbogenerator units A and B, each of 10 mw capacity, have the following 
input-output characteristics. 

Unit A: la = W X (10 -f- 9L„) 

Unit B: h = 10^ X (20 -h 9Lb) 

> 

where I is in Btu per hour and L is in megawatts. 

a. If either unit were to be placed in operation alone which should be seloctcHllP 
Why? 

h. Devise a loading schedule in 5-mw steps for the most economical operation whiUl 
both units are operating in parallel. 

32-6. A system has three generating unite with the curves given in Table P-2, 

Table P-2 


Unit 

Capacity, mw 

Input-output cmve 

A 

10 

/ = 10« X (13 + 0.04L2 + 0.02L» + 9L) 

B 

10 

/ = 10« X (10 + 8L + OAL^) 

C 

8 

, / = 10« X (16 + 8L) 


a. Plot the input-output curves of all units on a common graph. 

b. Plot the heat-rate curves of all units on a common graph. 

c. Plot the individual and combined incremental rates on a common graph. 
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d. Devise a combined loading and capacity schedule for the three units from 0 to 
2 H tnw total load, maintaining a one-unit reserve where possible. 

82-7. A single-unit station has one steam generator supplying a 30-mw turbogener- 
Hioi* with all auxiliaries driven electrically. For practical purposes the turbine 
llipiil-output curve of Table P-3 may be considered linear between zero load and full 
Vftivc openings. 

Table P-3 


Valve opening 

Load, mw 

Input, 10® Btu per hr 

Partial primary 

0 

30 

Maximum primary 

15 

135 

Maximum secondary 

20 

185 

Maximum tertiary 

30 

300 


Tlie Htcam-generator input-output curve is 


I 


15 -h 1.05L -h 


L3 

900,000 


Wlicro / and L are in millions of Btu per hour. 

Willi the turbine operating at zero load the station auxiliaries require 500 kw' at 
full l< )(m1 they require 1,500 kw. 


II, ('alculate the station inputs at turbine gross megawatt loads of 0 5 5 10 15 
I7.A, 20 , 25, and 30. ' ' 

A, hVom a plot of the computations in (a) determine the station incremental-rate 


purvc. 


I', I'i'om the individual equipment increment rates compute the station increment 
ntid compare with (6) on a common graph, 
d, ('(iinpute and plot the station heat-rate curve from (a). 

19-8. All electrical supply system has a 15-mw diesel station and a 5-mw hydraulic 
iiH Hources of energy. The hydraulic plant has pondage provisions and can 
IMm'o Nulliiriont water to generate 72 mwhr. For the coming week the estimated 
jHlWor ill Uic river flow is 1.5 mw; the expected system loads are as in Table P-4. 


Table P-4 


Load, mw 

Hr at load 

20 

5 

15 

70 

12 

50 

8 

20 

5 

23 


Hi MihI (Ih^ j.otal energy that the hydraulic plant can generate, 
fc, rinl, rlic Hystoni load-duration curve, and show the division of load between the 
mid tlic diesel station. 
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CHAPTER 33 


SPECIFIC ECONOMIC ENERGY PROBLEMS 


83-1. Introduction. In the foregoing chapters we discussed the funda- 
ttii'titals of engineering economics and the factors to be considered in 
tuaking a selection of alternative methods of power production. This 
nliupter presents specific problems in the power-plant field. This dis- 
(lUMHion is not exhaustive but is intended to demonstrate the technique 
nr economic energy studies. 

IVI ost of the problems treated herein have been stripped to their barest 
fundamentals to demonstrate the application of basic principles. In 
priuitice the solution of these problems follows the elementary patterns 
outlined, but very often the factors that are “given” in these discussions 
ttotually require a great deal of time to determine. Indeed, to collect 
thoMci facts properly and where necessary make assumptions and pre- 
tllcti oils that are acceptable are tests of an engineer’s ability. 

83-2. Selection of Steam Plant. When circumstances determine that 
ft given type of plant is to be selected, such as a steam plant, the com- 
pfti'iHons that must be made are reduced in number. The variables 
ftKlMting within one type of plant are generally less than the number of 
variables among different types of plant. 


Example 33-1. An industrial factory requires a source of energy to meet a 10,000- 
ItW iniixinniin demand. The annual duration of the load is estimated as in the follow- 
llllt iMbiilation; 


Load, kw 

Hr at load 

10,000 

1,000 

7,000 

4,000 

4,000 

2,000 

1,000 

1,000 

0 

760 


Ai interruptions can be tolerated, no spare capacity need be provided. Coal 

la at $8 per short ton and has a calorific value of 13,000 Btu per lb. Since 

Mil In iivailablo only at prohibitive prices, diesel engines are not considered. After 
jMi'llininary studies, four different steam plants are being considered as shown in 
Tlllile 33-1. 

TIh' aiiiMiiil operating costs of labor, supervision, supplies, repairs, and operating 
laMCH tirn (expected to be the same for all proposals. If the fixed charge rate is 16 per 
NHMl, ileleritiiiie th(f economit; plant. 
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Table 33-1. Compabative Costs and Performance of Steam Stations 


Plant 

Steam 

conditions 

Capaci^y 
cost per kw® 


Input-output characteristics 

A 

600 psi 
750 F 

$136 

I = 106 

X (13 + 9L + 0.04L2 -1- 0.021,3) 

B 

800 psi 
850 F 

$140 

/ = 10® 

X (11 + 8.5L -1- 0.03L3 + 0.015L>) 

C 

1,200 psi 
900 F 

$145 

I = 106 

X (10.2 -1- 8.27, -1- 0.025L3 -f- 0.012i») 

D 

2,400 psi 
950 F 

$160 

I = 106 

X (10 + 8L -1- 0.027,3 + o.01L») 


I is in Btu per hour and L is in megawatts. 

“ Excluding land, structures, and electrical system. 


Solution 

Unit fuel cost = ^ 2 ^ 00 ^ ^ million Btu 

The first step is to determine the total energy input requirements for each plant from 
the given input-output characteristic and the load data as in Table 33-2. 


Table 33-2. Calculation op Comparative Fuel Requirements op 
Proposed Plants 


Load-energy data 

plant A 

Plant B 

Plant C 

- 

plant 0 

Load, 

mw 

Ur 

Mwbr 

Input 
rate, 
10® Btu 
per hr 

Total 
input, 
10® Btu 

Input 
rate, 
iff* Btu 
per hr 

Total 
input. 
I0> Btu 

Input 
rate, 
10® Btu 
per hr 

Total 
input, 
10“ Btu 

Input 
rate. 
10® Btu 
po r hr 

Totnl 
inpnl, 
10“ Him 

■ 10 

1,000 

10,000 

127.00 

127.00 

114.00 

114.00 

106.70 

106.70 

102 00 

10$ IHI 

7 

4,000 

28,000 

84.82 

339.2S, 

77.12 

308.48 

72.95 

291.80 

70 41 

$N1 114 

4 

2,000 

8,000 

50.92 

101.S4 

46.44 

92.38 

44.17 

88.84 

42 96 

NA UK 

1 

1,000 

1,000 

22. OG 

22.06 

19.54 

19.54 

18.44 

18.44 

18.03 

1# m 

Totals. . . 


47,000 


590.18 


634.90 


505 28 


487 All 

TTpat rfttft Rtii ner kwhr_ 


12,500 


11,380 


10,750 


10,111# 

Fuel cost 




S181,600 


$164,000 


$155,400 


|JA0,I#III 












The megawatthours are the product of the load and the number of hours tht lolwl 
persists. The input rate is calculated from the input-output characteristic fof til# 
given megawatt load. The total input at each load is the product of the input fHl# 
and the number of hours at the given load. As a summary of the load condlUiHii 
note that the load factor is 

47,000,000 
8,760 X 10.000 


0.537, or 63.7% 
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llnoo the fuel requirement is the only factor of the operating cost that varies from 
^ftnt to plant, it is the only component that need be considered in the relative annual 
lONtB. Then 

Co = fuel input X 10~® X 0.3076 
Cf = unit capacity cost X 10,000 X 0.16 
c = Co + C/ 

The relative annual costs of the alternate plants are shown in Table 33-3. 


Table 33-3. Annual Cost Comparison of Proposed Plants 


Plant 

Total 

investment 

Cf 

Co 

C 

A 

SI,360,000 

$204,000 

$181,600 

$385,600 

B 

1,400,000 

210,000 

164,600 

374,600 

C 

1,450,000 

217,500 

155,400 

372,900 

D 

1,600,000 

240,000 

150,000 

390,000 


I'liuit C shows the lowest relative cost and, therefore, is the optimum for the given 
ISltd conditions, fuel cost, and fixed-charge rate. 

With the given information the same conclusion can be shown by two 
ether methods; rate of return available for fixed charges on increment 
illVCHtinent and justifiable added investment. These methods are 
ilhlHtruted in Tables 33-4 and 33-5, respectively. In Table 33-4 the 


Table 33-4. Rate of Return Available for Fixed Charges on 
Increment Investment 



Investment 

AP 

Co 

aC 

R = aCo/AP 

A 

$1,360,000 

$ 40,000 

$181,600 

$17,000 

0.425 

n 

1,400,000 

50,000 

164,600 

9,200 

0.184 

r 

1,450,000 

150,000 

155,400 

5,400 

0.036 

/> 

1,600,000 


150,000 




ntliKN H are comparable with the given rate of 15 per cent; hence the 
of return on increment investment from i? to C is obviously 
iriilltable; for any increment above plan C the available rate of return 
|l (loiiHidcrably below the desired value. Hence plan C is the optimum. 

Ill 'Table 33-5 the columns for ACo and actual AP are copied from 
1'nble33-4. A comparison of the justifiable added investments AP with 
llin iMitnul added investments shows that C costs only $50,000 additional 
UgaliiMti a permissible $61,300 and is obviously a good investment; but 
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Table 33-5. Justifiable Added Investment 


Plant 

AC. 

AP = ACo/ii 

Actual aF 

A 

317,000 

3113,200 

3 40,000 

B 

9,200 

61,300 

50,000 

C 

5,4tK> 

36,000 

150,000 

D 





again any additional investment above C is much greater than the por-* 
missible justifiable investment.' Hence C is the optimum. This method 
of comparison is sometimes used by organizations that wish to avoid any 
possible collusion between engineering groups evaluating the bids for thn 
purchaser and the manufacturers offering bids for furnishing equipment, 
In this type of arrangement the purchaser furnishes the evaluathm 
engineers all the necessary data received from the manufacturers except 
the actual purchase price. The engineers then evaluate the justifiabltt 
added investments of all bids relative to each other and submit tholr 
conclusions to the purchaser. Arranging the bids in ascending order of 
investments or purchase price, the purchaser then compares the actual 
differences with relative justifiable added investments submitted by ilin 
engineers and makes his own selection. 

In this type of problem the methods of rate of return, rate of returu 
available for fixed charges, and justifiable investment are not applicalilCi 
These three methods are suitable* only where a choice exists betwctm 
(1) buying a service from someone and (2) making an investment ln 
order to supply that service for oneself. In the problem discussed It 
Was implied that the required energy (or service) could not be purchaHcri 
but that it was necessary to invest in station equipment to supply tim 
needed energy. In other words, an investment had to be made, and iiu 
possibility existed of paying an annual charge in lieu of making such 
investment. 

33-3. Selection from Different Types of Prime Movers. When 

types of plant differ, various items of the total annual cost will differ III 
the various schemes. In Sec. 33-2, Selection of Steam Plant, the priitclpiil 
differing costs were the initial investment and the fuel input. Howovcfi 
when a diesel plant is compared with a steam plant in addition to 
items, the diesel plant often requires less labor; also, the unit fuel prUiCi} 
differ. For correct analysis these differing costs must all be included 111 
the relative annual costs. 
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Bxftinple 33-2. To serve a load having the annual duration characteristics given in 
llin following tabulation: 


Kw 

Hr 

5,000 

200 

4,000 

4,000 

2,000 

2,000 

1,000 

1,000 

500 

1,560 


Tw(» plants, a steam-turbine plant and a diesel-engine plant, are being considered. 

the steam plant coal at ^4.50 per short ton with a calorific value of 14,000 Btu 
pm lb is available; for the diesel plant oil at 32.10 per barrel containing 358 lb with a 
nwInt i fir content of 18,500 Btu per lb. 

Tliti performance characteristics of the plants are 

ibmuK / = 106 X (6 -f- 8I> + 0.1 IIL^) 

Ihtw'l: / = 106 X (9 -h 4L -h 0.52L2 _ O.OIGL®) 

TIk’ Ht-eam plant would require three more men at a salary of 34,000 per man for 
than the diesel plant. The fixed charge rate is 12 per cent for each plant. 
iVhIdli plant should be selected if the steam plant costs $230 per kilowatt and the 
dli'Aol plant 3220 per kilowatt, and no reserve capacity is required? 

BuUdion 

r, ^ ^ 450 X 1,000,000 ^ 

Coal unit fuel cost = 2 000 X 14 000 ~ 1^-67 cents per million Btu 

n i f 1 + 210 X 1,000,000 ^ 

Oil unit fuel cost = * J = 31.71 cents per million Btu 

oOo X iojOUU 

liy Hiirnmarizing the varying relative costs with the aid of Table 33-6 the optimum 
plftllt can be determined. 

Table 33-6. Calculation of Fuel Requirements 





Steam plant 

Diesel plant 

Mw 

Hours 

Mwhr 

Input rate, 
106 Btu 
per hr 

Total input, 
10® Btu 

Input rate, 
106 Btu 
per hr 

Total input, 
10» Btu 

5 

•m 

1,000 

59.90 

11.98 

40,00 

8.00 


4,000 

16,000 

45.12 

180.48 

32.30 

129.20 

2 

2,000 

4,000 

22.89 

45.78 

18.95 

37.90 

1 

1,000 

1,000 

14.11 

14.11 

13.50 

13.50 

U, 

1,560 

780 

10.01 

15.62 

11.13 

17,36 

THlnJ. . 

8,760 

22,780 


267.97 


205.96 

Average 
It whr. 

heat rate. 

, Btu per 


11,800 


9050" 






plant: 

Cf = PR = 230 X 5,000 X 0.12 = 3138,000 
Co - (267,970 X 0.1607) + (3 X 4,000) = 355,060 
C - 138,000 + 55,060 - 3193,060 annually 
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Cf = PR = 5,000 X 220 X 0.12 = $132,000 
Co = 205,900 X 0.3171 = $65,310 
C = 132,000 + 65,310 = $197,310 annually 

Note that the annual costs are only relative since they compare only 
the differential costs. All the costs of equal magnitude in each schemti 
are not included in the figures. 

The steam plant would be the choice under the given circumstanojf 
despite the higher investment and the greater relative labor cost. Thoia 
items are outweighed by the cheaper fuel cost. 

Since fuel prices vary from time to time, the price of oil more so than 
that of coal, comparisons depend upon the relative fuel prices at the timo 
the study is made. To give a complete picture of the weight of the fuel 
prices in determining plant desirability, the cost comparison can be ml 
up to determine the relationship of the fuel prices for given condition| 
of labor costs, thermal efficiency, and load conditions. 


From tli6 foregoing conditions, it is evident that the plants are equally desirHHbli* 
when their annual costs are equal. 

C^ateam C^dieael 

Co'} steam {PR T Co) diesel 

.. , 267,970 X 10‘ X S , 

(1,150,000 X 0.12) + 2 X 14,000 ’ 




where S = price of coal, dollars per ton 
D — price of oil, dollars per bbl 


Solving, > 

D = 0.578 + 0.308;8 

Then, for coal at $4.50 per ton, oil would have to be $1.39 per barrel for parity. 'IVl 
sway the decision toward a diesel plant the oil price of course should be somewhat Umn 
than this value. Conversely, for oil at $2.10 per barrel, coal would be $4.94 per \m 
to establish parity^ 

33-4. Selection of Unit Sizes. In providing the units for a station ili» 
selection of the unit sizes ought not to be a matter of whim or chance liut 
should be the result of a careful economic study. The unit sizes {k[W\nl 
upon the character of the load as well as on the unit costs and thorTiin! 
economy. 

Example 33-3. It has been decided that a diesel plant is the best type for a crrUtH 
installation. The maximum demand to be met is 9,000 hp. The available Mined uf 
diesel units are 10,000; 5,000; 3,000; 2,000; and 1,000 hp. The load is one roquirlH| 
a moderate degree of protection against accidental unit outage, and it hai benn 
decided that a one-unit reserve will be adequate. 
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Tilt! unit capacity costs for the various sizes are as shown in the following tabulation: 


Hp 

Cost per hp 

10,000 

$100 

5,000 

no 

3,000 

125 

2,000 

140 

1,000 

170 


Thci total labor and supplies are assumed to remain constant regardless of the number 
of units; maintenance is assumed to cost $800 per unit annually regardless of size. 
Tlio investment in building and accessory equipment is assumed constant for all cases. 
riNtMi charges are 14 per cent. Fuel costs $1.50 per barrel of 360 lb and has a heating 
Value 18,000 Btu per lb. 

'I'lui annual load curve consists of the values given in the following tabulation: 


Hp 

Hr 

9,000 

100 

8,000 

200 

6,000 

3,000 

4,000 

2,000 

2,000 

1,000 

1,000 

2,460 


li(!iit-rate characteristics for the various size of units are plotted in Fig. 33-la. 
Mun(< diesel engines are most efficient at their full-load points. The heat-rate curves 
Ware <lerived from the following input-output characteristics, where L is the loa4 in 
thnUMaiids of horsepower and I is the input in Btu per hour. 


I0,(l00-lip unit: 
A,()00-h|) unit: 

H, 00(l-li|) unit: 
ll,000-)i|) unit: 

I, 000-1 )p unit: 


7 = 10« X (14 -H 3.8L -f- 0.29L2 - 0.007L3) 
7 = 10^ X (9 -H 4L -h 0.52L2 - O.OIGL^) 

7 = 106 X (6.5 + 4.5i, 0.5L2 -b 0.037L3) 

7 = 106 X (4.5 + 5L -h 0.5L2 -h O.IOL^) 

7 = 10® X (2.4 -h 5L -h 1.8L2 + 0.3L6) 


Holuiion 

1 50 

Unit fuel cost = o^n xy Ann ^ 23.15 cents per million Btu 

o DU X I o, UUU 


|‘V(iiii Mie lieat-rate curves of the individual units we see that, for maximum econ- 
HMiy, 1 lie machines should be kept loaded as near their full ratings as possible. How- 
iVer, I he number of machines kept in operation will be dictated by the magnitude of 
IimmI and the one-unit reserve requirement. Since the machines have identical 
almrMrlrriHl.ics, they should always be kept equally loaded to maintain optimum econ- 
Since the maximum demand is 9,000 hp, the following number of each size of 
Hiatdiine must bo installed to provide the required protection: two 10,000-hp; three 
1,0011 hp; four 3,000-hp; six 2,000-hp; and ten 1,000-hp. The combined heat rates 
uMch of these unit combinations, maintaining a one-unit reserve, are plotted in 
^IN. 33 -15. Tti the lower range of loads the combination of small units is more effi- 
llmil : at tl m higher range of loads the large units are more efficient; in an intermediate 
of loads there is not much difference in thermal economy. A load curve with 
I ltiKl> load faelor and the given peak value will show better thermal economy with 
(lie lai ge iiiiitB, and one with the same peak load and a low load factor will show better 
lh«i ‘mill economy with the small units. 
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Table 33-7. Compabative Diesel-station Fuel Requirements 
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The fuel cost for each combination of units is calculated in Table 33-7, in whin 11 
the number of units required for each load is indicated. The relative annual lotaj 
costs are calculated in Table 

Table 33-8. Comparison of Relative Total Annual Costs 


Units, 

hp 

No. 

Invest¬ 

ment 

Cf, 

11,000 

Fuel 

cost, 

$1,000 

Repair 

cost, 

$1,000 

Total 

c, 

$1,000 

Plant 

capacity, 

hp 

Per cput 
capaofty 
factor 

10,000 

2 

$2,000,000 

280.0 

91.0 

1.6 

372.6 

20,000 

18,8 

5,000 

3 

1,650,000 

231.0 

80.9 

2.4 

311.9 

15,000 

25.1 

3,000 

4 

1,500,000 

210.0 

76.4 

3.2 

289.6 

12,000 

31.4 

2,000 

6 

1,680,000 

235.2 

73.8 

4.8 

313.8 

12,000 

31.4 

1,000 

10 

1,700,000 

238.0 

74.0 

8.0 

320.0 

10,000 

37.5 


The plant with four 3,000-hp units proves the most economical. It so hapjKvnfl 
that it is also the cheapest in point of investment but not the most economical in fuwl 
for the given load curve. The 10,000-hp station, being the smallest, shows the Idghcil 
capacity factor, but it is unattractive economically despite this fact. The annual luml 
factor for the given curve is 


LF 


32,960,000 
9,000 X 8,760 


0.418, or 41.8% 


Analysis of the components of the relative total annual costs shows that the varin-l inil 
in unit price of the units is the biggest factor in determining the optimum unit ulin. 
The resulting effect on the fixed cost shows a difference of $21,000 annually with 1 Im< 
next most economical size of three 5,000-kw Units. However, the difference in 
tive operating costs is only $3,700 for the same two combinations. It is very uriUkiily 
that a different set of load-duration conditions (with the same peak load) will filuiriKti 
the conclusion in this particular case by outweighing the $21,000 fixed-cost di fTiTcillhlb 

33-5. Capacity Requirement witli Respect to Load Growth. The giuv 

eral experience of utility power systems has been one of continuimH 
growth, though at rates varying from year to year. At times, some huvn 
suffered temporary declines in peak demand, as during the depimultHl 
years of 1930 to 1933. In cases of more or less steady growth, proviMhiii 
for additional capacity must be made periodically. The size of the oew 
units to be installed will be governed by joint consideration of: (1) tlio 
future rate of load growth; (2) the size of the units available; (3) ihii 
urge to standardize on size and type of equipment to simplify repair ami 
reduce inventory on repair parts; (4) varying economies to be oldiaifitnl 
with variation in capacity; and (5) the effect on reserve ca[)iuiltr,y 
requirements. 

Capacity will always have to be installed in advance of the need Ui 
maintain load protection. In Fig. 33-2 as an example, the lower curve 
indicates the trend of the peak load to be expected annually with tliiuh 
Then, assuming that units to be added have been standardized aiK Mi 


SPECIFIC ECONOMIC ENERGY PROBLEMS 


651 


fftpiif'ity and that a fixed number are to be maintained as installed 
|0lierve regardless of the magnitude of the system peak load, the minimum 
riHtnircd capacity is found by adding the reserve requirement to the peak 
lomb Since the capacity is installed in units of greater magnitude than 
llir annual increments of capacity required, the installed capacity curve 
Will be stepped in shape. The triangular areas enclosed by the minimum- 
lipacity curve and the installed- 
fftpncity 
WpMuity 



Fig. 33-2. Variation of minimum required 
capacity and installed capacity for a 
growing system peak load, assuming that 
all added units are of equal capacity. 


curve represent excess 
that has no immediate 
Uvo, but this condition cannot be 
iVni<led. 

When the growth in load shows 
that a new unit is required at a 
iariain time, preparations of en- 
||n('(M’ing study and design, the 
bliing of bids, and the actual 
imiHlruction may easily require 
I y(^ars. Continuous studies 
ihoiild be carried on to provide 
lUllicitait capacity for uninter- 
fUpi-ed operation. This long period 
pf pf(‘paration may at times of serious business recessions cause the 
Uldlil y system to be burdened with capacity that is not being used. Fixed 
eliiU'g(^s must be met for equipment that is temporarily nonproducing, 
Wlldi l'b(^ possible result of operating at a loss. 

83-6. Decreasing Output with Age. In the expansion of a system 
plititf c-outaining a considerable number of units the newer units usually 
will b(^ the most efficient thermally and preferred for operation. The 
limv units run at a high capacity factor at the expense of less generation 
Mil the older units, which will be operated mostly at the time of the peak 
loud. This situation is shown in Fig. 33-3 where two annual load-dura- 
Uoii curves have an equal division of load between units of the same size. 
Till' Hc'cond curve is for a period several years later than the first one and 
hIiiiwm 11 considerable growth in peak load and total energy production 
|*M()uiring the addition of five units. In both curves the spinning reserve 
in miiiid-iiincd equal to one unit. In the first curve, unit E is base-loaded; 
ill idle He(H)nd, it is active for fewer hours and, therefore, generates much 
buM loMd energy because it is surpassed in efficiency by the newer units 
to ,/. d'he effect of reduced generation is very marked on units A, B, 
^od fwhich operate for much shorter periods as the load grows. 

It iM Honuitimes suggested that older and relatively inefficient reserve 

f liiMl.M Hliould be dismantled and replaced by new efficient capacity. 
0 hucb caseH it will always be found that the inevitable march of the 
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units to the top of the load curve when they are required for a few 
of operation annually has not been recognized. It is safe to predict tluti i 
in a growing system, mere ^replacement of old reserve capacity by mm 
efficient capacity, solely for the sake of increased efficiency, can 
if ever, be economically justified because of the limited operation roqiilrfitl 
for peak-load service. 

In Fig. 33-3 the units are assumed to be available 100 per ROiit nf 
the time. This is seldom true, since equipment must be taken out uf 
service periodically for maintenance and inspection; it also happens llilli 




Fig. 33-3. Theoretical comparison of two annual load-duration curves for a ru|jtdly 
growing system, showing decreasing generation of older units as new efficient uniU Win 
added to system, maintaining a one-unit reserve. All units of equal capacity. 


on occasion a unit of equipment is forced out of service by failure of iniiiM 
part of its structure. Evaluation of the availability of equipment ful 
service is expressed by means of the availability factor, which is (lid)iiRil 
as follows: 


Availability factor = 


hr available for service 
total hr in period 


X 100 


Hours available for service are those hours when the machine is in neUlMl 
production as well as the hours when the machine is idle but cupabU uf 
producing. A year is normally the period over which the avaiinbtlltiy 
of a machine is measured. Values of the availability factor 
vary between 80 and 90 per cent for steam and hydraulic turbines, Htwuu 
generators, and oil engines. 

By taking account of the availability of the individual units as llltiii 
trated in Fig. 33-3 it will be evident that the base-load units in each ciii'vi* 
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Will not occupy the entire base of the curve as shown. During the time 
Wlkcn the base-load units are not available, the units next above will 
|®rv(i in their place; thus the generation of the most efficient units will 
Rot be quite so great as indicated in the figure, and the generation of the 
lOMH (ilficient units will be somewhat larger than indicated. 

Variation of the annual capacity factor of an individual unit of equip- 
Rlont serving a system with a growing load is shown in Fig. 33-4. In the 
Iftfly years of its life the unit serves on the base of the load curve. This 
PRjiults in operation at relatively high capacity factors, the exact values 



ha. Variation in annual capacity factor of a unit that is serving in a system with 
I i^rovving load. 


tloiH'iiding upon a host of factors among which are: (1) the rate of load 
jrowtli, (2) the shape of the load curve, (3) the life of the units, and (4) 
(he availability of all the units in the system. With system load growth 
Rhd iJa; resulting addition of new units to meet the increased demand, 
ilMMinit is finally forced off the base of the curve and runs fewer hours per 
(lay. As time goes on, the daily use of the unit becomes shorter and 
ihortei* until it serves only on the peak with correspondingly very low 
(iH|Miciiy factor. 

88-7. Age Factor, Economic selection of new units for growing sys- 
(piiiH l)(5Comes a special problem. Units are most conveniently compared 
liy ('valuatiug their relative justifiable added investment, i.e.. 


|fnr lli(' given formula the annual operating costs Co are uniform annual 
(MinIm for \,\h) entire life of the machine. With varying use of the machine 
ihii'l iig i(-H life the operating costs will also vary. Without serious error 
|| miiy \>v, assumed that the annual operating cost varies directly with the 
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annual capacity factor to be expected of the machine. Then, by com^ 
puting the operating cost for the first year of each machine, Coi, the cost 
for succeeding years can be^omputed by direct proportion. 


Col: Co2 • C^o3 • 


\Con = CFi:CF2:GFz: 


:CF\ 


where CF is the annual capacity factor for each year of life that is obtains 
from a study of expected load growth* and expressed in the form of 
graph such as Fig. 33-4. These varying costs must then be reduced tO 
equivalent uniform annual costs. This is done by first finding the presei! 
worth W of the series of varying annual costs and then converting it to i 
equivalent constant annuity that is, 


w = + 


Co2 


+ 


C„3 


+ 


+ 


1 + ^ ' (1 + i)i ' (1 + iy ' ■ (1 + 0" 

where i is the interest rate used in evaluating the machines. Then 


A = TF 


1 - (1 + 


It then follows that 


A' ~ A' 
AP =- 


R 


A little study will show that the value of A will be appreciably less thiill. 
Coi; letting 

A 


r = 


Co 


we find that the age factor r will be less than unity. Then 


AP = ^ (C', - 

The advantage of expressing the justifiable added investment in iUk 
latter form is to show readily the decrease in value resulting from tbl 
reduction in use (corrected for by r) as compared with the value Uiak 
would obtain if the first year’s operating cost held for all years of III# 
life of the machines. 

Example 33-4. It has been determined for a system experiencing a steady liinil 
growth that the next generating unit to be added will have an annual capacity 
of 70 per cent for the first 5 years, 60 per cent for the next 5 years, 40 per cent for thu 
next 5 years, and 20 per cent for the next 5 years. Machine life is to be taknu I 

* For an outline of this method see B. G. A. Skrotzki, Conditions ControllhiU 
Economic Selection of Prime Movers, Transactions of the AIEE^ 1044. 
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10 years. Three units having the characteristics shown in the following tabulation 
wri* being considered: 


Unit 

Investment 

Annual operating cost, 
first year 

A 

*520,000 

$96,000 

B 

550,000 

90,000 

€ 

570,000 

87,000 


I 'ti«t of money use is to be taken at 8 per cent; taxes and insurance are 4.5 per cent 
h| liivcHtment. 

Which unit should be selected, assuming that all are of equal quality and made by 
Hnrih of equal reliability? 


Hohtiion 


E = 


1 - (1 + ^) 

0.08 


^ + i) 


-h 0.045 = 0.1469, or 14.69% 


1 - 1.08 

A liuithod of obtaining the value age factor r shorter than by finding the equivalent 
Niiiiiliint annual cost A for each unit can be evolved by recognizing that r must be 
lh(> HiniK! for all units, since fundamentally it originates from the values of the annual 
I'lqiarily factors. Thus the values of the annual capacity factors can be taken as the 
iHjldvalent of the annual operating costs. The present worth of these values is then 
riahmlated for a magnitude corresponding to W, Then the equivalent constant 
MtllMMii cost corresponding to A can be found from the value of W. Age factor r will 
bn Ihe ratio of the value corresponding to A divided by the annual capacity fac- 
for Mie first year. This method of calculation is used in Table 33-9. 

^Ulvalnnt uniform annuity: 


A = 5.418 X 


0.08 


1 - 1 . 08-20 
A 0.552 


= 0.552 


Col 0.700 


= 0.8 


itddilional investment required for unit B above unit A: 

550,000 - 520,000 = $30,000 
fimUHiiblr added investment for unit B above unit A: 


A/* 


0.8 


(CoiA - Coib) = X (96,000 - 90,000) - $32,700 


unit a is the optimum of the two units. 

\MhHil Milditionnl investment required for unit C above unit B: 


570,000 - 550,000 = $20,000 
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Justifiable added investment for unit C above unit B : 


AP = X (90,000 - 87,000) = 816,300 

Hence unit B is the optimum of the two units, as well as of the three units, and wout 
be the economic choice, all other factors being equal. 


Table 33-9. Determination of Equivalent Uniform Annual 
Capacity Factor 


Year 

Annual capacity 
factor 

1 

(1 + i)" 

Present worth 
of (6) 

(a) 

(6) 

{c) 

(rf) = (6) X (c) 

1 

70 

0.926 

0.649 

2 

70 

0.857 

0.600 

3 

70 

0.794 

0.555 

4 

70 

0.735 

0.515 

5 

70 

0.681 

0.477 

6 

60 

0.632 

0.379 

7 

60 

0.584 

0.350 

8 

60 

0.540 

0.324 

9 

60 

0.500 

0.300 

10 

60 

0.463 

0.278 

11 

40 

0.429 

0.172 

12 

40 

' 0.397 

0.159 

13 

40 

0.368 

0.147 

14 

40 

0.341 

0.136 

16 

40 

0.315 

0.126 

16 

20 

0.292 

0.068 

17 

20 

0.270 

0.054 

18 

20 

0.250 

0.050 

19 

20 

0.232 

0.046 

20 

20 

0.215 

0.043 

Total 



5.418 - W 


If the characteristic of decreasing use with age had not been rccogiiiiitinir, 
unit C would have been selected as the optimum since the justifiable 
investment would have been $20,400. 

For most systems the age factor r will remain at the same valuo 
considerable periods until some change in load-growth rate, or chiuign I 
load-curve shape, or change in cost of money use takes place. Sino# Ul 
value of r depends upon prognostications far into the future, it cannot ll 
regarded as a precise value; at best it is an allowance for a condition tluj 
will probably prevail without any accurate knowledge of the exact vaH 
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ulJons in that condition. For this reason the value of r should generally 
ant be expressed to more than one significant figure, 

88-8. Evaluating New Capacity. In the preceding discussion the 
miignitudes of the operating costs were given to clarify the explanation 
of tlie ratio r. To determine the annual operating costs, studies should 
be made of the amount of energy production the proposed units will 
UNHume in relation to the existing equipment. Fuel costs are usually a 
Oiujor portion of the total annual costs of operation; hence pains should 
lilt taken in estimating this factor of the total operating costs. An 
Important condition that must be recognized is the effect on fuel con- 
pimii[>t.ion of the existing equipment when the new unit is placed in oper¬ 
ation. This is illustrated in the following example. 

Ixample 33-fi. A system supplied by steam-turbine central stations having an 
i I IN lulled capacity of 100,000 kw will have a peak demand of 100,000 kw within 2 years. 
TMh system has experienced a steady growth of load in the past, and extensive studies 
that the rate of growth will be maintained indefinitely into the future. The 
factor r to be used in evaluations of additional capacity is 0.7. The capacity 
Ilf tile largest existing units is 10,000 kw, and it has been decided that the new proposed 
illiH hliall be of the same capacity to maintain a one-unit installed reserve. The new 
mill will operate at a higher pressure than the existing turbines and will be fed by a 
' steam generator. 

'I'lit' fstirnated load duration that will prevail when the new unit is needed is shown 
Ml I lit' fo! Lowing tabulation: 


Kw 

Hr 

100,000 

100 

80,000 

1,000 

60,000 

2,000 

40,000 

3,000 

20,000 

2,660 


'I'lic lotal system input-output characteristic of the existing units is given by 
I = W X (180 + lOL + 0.001L3) 

Tliei’o are two alternate units being considered for installation, A and -B. The 
IdPuMmiI ,put characteristic for A is 

7 = 10' X (11 + 8.6-L + 0.03L2 + 0.015L') 

Jflir II it is 

/ = 10« X (13 +9L + 0.02L') 

/ iu in Btu per hour and L is in megawatts. 

1’liu I mat and incremental rates are plotted for the three given characteristics in 
it3-5a and />. 

unit inatalled-capacity costs for the proposed units are: 


A . $136 per kw 

fi .$128 per kw 

























658 


POWER ECONOMICS 




Fig. 33-5. Heat and incremental rates of existing system and proposed liiiilts 


Fuel cost is 30 cents per million Btu, and the fixed charge rate is 16 per oenti Mtllll J 
tenance, labor, and supply costs of the existing and proposed units will bs iHHIsl 
40 per cent of the fuel costs. Availability factors for new units will be 86 pM iwHl i ^ 
Solution, The annual load-duration data are set up in tabular form, and tfao IflAll.] 
is divided between the existing units and each of the proposed units in turn by 
of the incremental rates. F^iel requirements are then calculated as shown In 
33-10 and 33-11. 
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Table 33-10. Load Allocation among Units and Fuel Requirement 


l.IhUlL, 

inw 

Houtb 

Million 

kwhr 

With unit A 

Existing aystem 
only 

Load, mw 

Input rate, 

10® Btu per hr 

Total input 

10® Btu 

I, 10® 
Btu per 
hr 

Total 
input 
10® Btii 

System 

A 

System 

A 

Syatoni 

A 

100 

100 

10.0 

90 

10 

1809 

114.0 

181 

11.4 

2180 

218 

80 

1,000 

80.0 

70 

10 

1223 

114.0 

1223 

114.0 

1493 

1493 

no 

2,000 

120.0 

50 

10 

805 

114.0 

1610 

228,0 

996 

1992 

40 

3,0(5o 

120.0 

31 

9 

619 

100,0 

1557 

302.7 

644 

1932 

20 

2,660 

53.2 

14 

6 

325 

66,3 

860 

170.3 

388 

1032 

Tot nl. ... 

8,760 

383.2 





5437 

832.4 


6667 








6269.4 




Animal system load factor = (383.2 X 10®)/(8,760 X 100,000) — 0.437, or 43.7%. 


'I’ahle 33-11. Load Allocation among Units and Fuel Requirement with 

Unit B 


liOad, 

Hours 

Load 

, mw 

Input rate, 

10® Btu per hr 

Total input annually, 

109 Btu 

niw 


System 

B 

System 

B 

System 

B 

Total 

100 

100 

90 

10 

1809 

123.0 

181 

12,3 


80 

1,000 

70 

10 

1223 

123.0 

1223 

123.0 


00 

2,000 

50 

10 

805 

123.0 

1610 

246.0 


40 

3,000 

32 

8 

533 

96.2 

1599 

285.6 


20 

2,660 

15 

5 

336 

60.5 

895 

161.0 


'Total 






5508 

827.9 

6335.9 


4'able 33-10: 

1, Annual output of A at 100 per cent availability, 

(10 X 3,100) + (9 X 3,000) + (6 X 2,660) = 73,960 mwhr 

2. Annual output of existing system with A at 100 per cent availability, 

383,200 - 73,960 = 309,240 mwhr 


Avitiiro heat rate of A, 


832.4 X 10« 
73.96 X 10* 


11,270 Btu per kwhr 


!l 
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4. Actually any individual unit cannot be available 100 per cent of the tinifi 
item 1 must be corrected for the expected availability of 85 per cent. Annual OUl 
of A at 85 per cent availabiHty, 

73,960 X 0.85 = 62,870 mwhr 

5. Annual output of existing system with A at 85 per cent availability, 

383,200 - 62,870 = 320,330 mwhr 

6. It may reasonably be assumed that the average heat rate of the new unit 
be the same regardless of the availability of the unit. Then input to A at 85 per ' 
availability, 

62.87 X 106 X 11,270 = 708 X 10^ Btu 

7. The average heat rate of the existing system will not be the same with A 
100 per cent and 85 per cent availability. For the incremental generation 111 
existing system from 309,240 to 320,330 mwhr an incremental input must bo ( 
mated. This is most conveniently done by utilizing the computation in the I 
column of the table and calculating an average incremental heat rate as followni 


(6,667 - 5,437) X 10® 
(383.2 - 309.2) X 10® 


16,620 Btu per kwhr 


8. Annual input to system with A at 85 per cent availability. 


(5,437 X 10®) + (320.33 - 309.24) X 106 X 16,620 = 5,621.3 X 10» BtU 

9. Annual operating cost of A, " 

Fuel = 708 X 10^ X O.SO/IO®. $212,400 

Labor, maintenance, and supplies, 40 per cent of 

fuel cost. 85,000 

> - 

Total operating cost. $ 297,400 


10. Annual operating cost of existing system, 

Fuel = 5,621 X W X 0.30/106. $1,686,300 

Labor, naaintenance, and supplies, 40 per cent 

of fuel cost. 674,500 

Total operating cost. $2,360, 800 

Following the same scheme of computation for B from Table 33-11 as for A 
Table 33-10, 

1. Annual output of B at ]00 per cent availability, 

(10 X 3,100) + (8 X 3,000) + (5 X 2,660) = 68,300 mwhr 

2, Annual output of existing system with B at 100 per cent availability, 


383,200 - 68,300 = 314,900 mwhr 
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H. Average heat rate of B, 

8 27.9 X 1 0- ^ Btu per kwhr 

68,300,000 

4, Annual output of B at 85 per cent availability, 

68,300 X 0.85 = 58,100 mwhr 

5. Annual output of existing system with B at 85 per cent availability, 

383,200 - 58,100 = 325,100 mwhr 
(I, Input to B at 85 per cent availability, 

58.1 X 106 X 12,120 = 705 X 10® Btu 
7 1 Average increment heat rate for system (from Table 33-10), 

16,620 Btu per kwhr 

8, Aimual input to system with B at 85 per cent availability, 

(5,508 X 10®) + (325.1 - 314.9) X lO® X 16,620 = 5,677.4 X 10® Btu 

9, Annual operating cost of B, 

Fuel = 705 X 10® X O.SO/IO®.... $211,500 

Labor, maintenance, and supplies, 40 per cent of 

fuel cost. 84 ,600 

Total operating cost.. .... 296,100 

10, Annual operating cost of existing system, 

Fuel = 5,677 X 10® X O.SO/IO®. $1,703,100 

Labor, maintenance, and supplies, 40 per cent 

of fuel cost.... . 681,200 

Total operating cost.... $2,384,300 

My c.oinparing the operating costs of A and B, it will be seen that they differ by 
Billy $1,300 (items 9). However, the effect on the existing system^s operating costs 
|l much more, being $23,500, It is evident that all changes in operating costs must 
lMclud( 5 d properly to evaluate the units relative to each other. Then the justi- 
ftuble added investment for A over B is 

l‘ {ColB - C.Ia) 

- (296,100 + 2,384,300) - (297,400 + 2,360,800) = $103,600 

0.15 

1'llP iicl iial required investment for A over B is 

(136 - 128) X 10,000 = $80,000 

Hhik'c a is the economic choice; its greater efficiency justifies the added investment, 
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Table 33-12. Only the annual operating oosts need lie <ionHidorod rnliitivfi In immiIi 


Table 33-12. Relative Economy ok Units A and B 


Unit 

Unit 

cost 

TotA 

investment 

c, 

Relative Ca 

HisIilMvii O' 

A 

B 

$136 

128 

$1,360,000 

1,280,000 

$204,000 

102,000 

0 

$204, (H)0 
207,«){) 


other in this comparison. If the operating costs of the plan with A are taktn u* MiH 
base, i.e., as relatively zero, then the relative costs for the plan with B will bo r(r',|N 
Coia). The age factor r must be included to account properly for the roduotinii fh 
use, with age, of the units. The relative total annual costs for A are loss than fnr /f j 
hence the former is the economic unit. The same conclusion was obtained willi 11m 
j ustifiable-added-investment method. 

33-9. Hydraulic-station Economics. The ability of a hydraulic mIh 

tion to meet the system peak-load demand, as determined by the avaltatdn 
stream flow and storage or pondage, is a measure of its firm capantty I n 
produce primary power. To be useful to a given system, the liydrimlli> 
plant must have the same capacity availability as a steam station at till* 
time of the system peak load. Therefore the minimum stream flow tO bi* 
expected at such a time is the prime factor in determining the lirni 
capacity of the plant. Thus, in Fig. 32-186, if the load-duration (lurvi* 
refers to the peak-load week of the plant and the shaded area reprcMtiiilpi 
the hydraulic output available in stream flow and pondage, the int.ercitpf 
6-c then measures the firm capacity of the plant. 

1 he advisability of installing a hydraulic plant is always measured by u 
comparison of its costs against the costs for an alternate steam or internal < 
combustion (i-c) plant. As an example of such an investigation, considi'r 
the problem of Sec. 33-8, where the system had a load curve with jui 
annual load factor of 43.8 per cent for which the steam-turbine unit A 
was the economic choice. Another alternative exists in a hydraulic sltf 
where studies of stream flow (Figs. 25-1 and 25-2) and available pondaff 
indicate that the plant can produce a firm capacity of 10,000 kw. For A 
year of average flow conditions other studies show that the plant with A 
10,000-kw turbine installed can at 85 per cent availability generate 
52,600,000 kwhr. This generation will save the fuel required to generatl 
an equal output in the existing steam stations. 

In Table 33-10 it was shown that the total annual input to the existing 
system was 6,667 X 10® Btu to generate the requirements of the antioU 
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1>muI (Uirve of 383,200,000 kwhr. To estimate the fuel savings by 
lifcdMOiIle gonenitiou, it is necessary to detej mine the differential unit fuel 
t \m\ 1'hiH is most closely estimated by taking the existing system input 
tMmh ofieniting with unit B) from Table 33-11, which is 5,508 X 10® Btu. 
11 111 (lorresponding generation of the existing units is determined by inte- 
lintlhK i-hc generation and corresponding hours in the existing units, 
Ml were found to add to 314,900,000 kwhr. Then the differential 
imli fuel Having or cost at 30 cents per million Btu will be 


(6, 667 - 5,508) X 10^ X 30 
(383.2 - 314.9) X 10® X 10^ 


0.509 cent per kwhr 


I him iJn^ total fuel savings effected by the hydraulic unit will be 
52,600,000 X 0.00509 = $268,000, annually 


To Heive the expected-load curve, the existing system incurs an annual 
coHt of 6,667 X 10® X 0.30/10® = $2,000,000 (see Table 33-10). 
^llJi unit A generating 62,870,000 kwhr the total fuel cost is 

212,400 + 1,686,300 = $1,898,700 

TIniH imit A effects an annual fuel saving of 

2,000,000 - 1,898,700 = $101,300 

'rimugh unit A generates a greater output than the hydraulic station, 
II.M bul saving is less because it rtnpiires luel for its own operation. 

The hydraulic station can be installed complete with all accessories 
IImi nt'cessary transmission lines for $324 per kilowatt of capacity. 

I leni'ral experience seems to indicate that the fixed-charge rate on 
liyrlnuiHc equipment can be assumed lower than for a steam plant, 
hern use: insurance is less owing to the nature of the eciuipment; taxes are 
|(iw<^r owing to the rural location; the aggregate life is probably longer 
tlinn that of steam equipment and thus lowers the required depreciation 
rab'- The fixed-charge rate for the hydraulic station is taken at 13 per 
ci<iit compared with 15 per cent for the steam plant. Operating labor, 
iiniintenance, and supplies are usually more for a steam plant than for an 
iir|UMl-.sized hydraulic plant. The high temperature experienced by steam 
rquipnient causes higher maintenance. The separate phases of steam- 
[)hi.til operation need more men than the hydraulic plant. 

While thermahunit service travels toward the peak of the load-duration 
curve as the unit grows older, hydraulic stations always serve the base of 
the curve as long as water is available, regardless of their age. 



























664 


POWEB ECONOMICS 


Comparing new steam unit A and the hydraulic plant, we get: 


1. Total system energy requirement. 383,200 mwhr 

2. Annual system load factor, per cent.. . 43.8 

Steam unit A of 10-mw capacity: 

3. Annual generation. 62,870 mwhr 

4. Total investment at S128 per kw. $1,280,000 

5. Fixed charges at 15 per cent. $10a|tM)U 

6. New-unit operating labor, maintenance, and supplies. 

7. Total new costs. $277,000 

8. Fuel saving at 30 cents per million Btu = $101,200 

X 0.7“. $70,900 

9. Saving in labor, maintenance and supplies on existing 
system at 40 per cent of fuel saving = 0.4 X (2,000,000 

- 1,686,300) X 0.7“. 87,800 

10. Total net annual savings.". 158|7(MI 

11. Net annual total cost..... S118|3(MI 

Hydraulic station of 10-mw capacity: 

12. Annual generation. 52,600 mwhr 

13. Total investment at $324 per kw. $3,240,000 

14. Fixed charges at 13 per cent. $421,200 

15. New-station labor, maintenance, and supplies. . 40,4(KI 

16. Total new costs... $401,(MH> 

17. Fuel saving at 30 cents per million Btu.$268,000 

18. Saving in labor, maintenance, and supplies on existing 

system at 40 per cent of fuel saving = 0.4 X $268,000. .. . 107,200 

19. Total net annual savings. . . $370* 200 

20. Net annual total cost..$ 80|4^Ki 


“ r = 0.7 to correct first year’s savings to equivalent annual saving for life of luOU 

The hydraulic plant is the betted selection, entailing $31,900 leii 1(1 
annual expenditure. The fuel savings outweigh the high fixed c?hjirglH< 
of the hydraulic plant as compared with the steam unit. Calcuhitlnii 
will show that the hydraulic investment can rise to $348 per kilowatt of 
capacity to show parity with the steam plant. For any higher unit (Mm( 
the steam plant would be the economic selection, all other factors bifiojl 
equal. 

Often the major portion of the cost of developing a water-power siti> 
lies in the dam, the acquisition of land for the storage reservoir, fluituw, 
tunnels, highway and railroad relocation, and other items that are ItHilt* 
or less independent of the station capacity. When sufficient water (low 
is available, the installation of additional water-turbine units over (4fw 
firm capacity often may be accomplished at unit capacity costs of fUMiMi 
$80 per kilowatt since the primary structural costs have already been uinU 
This capacity can generate secondary power at times of high water (lovlfci 
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At such times all or part of the thermal-station capacity of the system 
tnuy be shut down to save fuel. When it is installed solely for this type 
of operation, the fixed charges on the secondary-power equipment must 
bo less than the fuel savings at the thermal stations. Secondary capacity 
In often installed when an industry like the wood-pulp paper mills that 
can operate on a “when, as, and if'’ basis is supplied by the system. The 
niills operate when secondary power is available and shut down otherwise. 
Rociondary power can be sold at much lower rates than primary power. 

Ity far the major portion of the annual costs of hydraulic-station oper¬ 
ation is the fixed charges. Hence, if the station operates at a low capacity 




33-6. Variation with station capacity factor of (a) total annual costs and (6) unit 
cost. 

factor, the unit energy cost will be high, but as capacity factor increases, 
the unit energy costs steadily drop to a minimum at full loading. 

'riiere is no reason why hydraulic stations should be considered 
llilicrcntly superior to, or producers of power at lower costs than, thermal 
Utal/ions. Local circumstances alone demonstrate which type is more 
suitable. Many systems attain maximum economic operation by having 
both types included as sources of energy. 

83-10. Variation of Unit Energy Cost with Capacity Factor. The unit 
(iOHt of energy produced by a station depends upon the degree of use of the 
pluiit, i.e., upon its annual capacity factor (Fig. 33-6a). The variation 
Ilf luuiual cost with capacity factor is made up of the components indi- 
(Hitod. The fixed costs remain constant for all values of capacity factor. 
TImih, at low capacity factors, the fixed charges are shared among a smaller 
Iiliinl)(!r of units of energy and result in relatively high unit energy costs. 
Ill contrast, at high factors the same total fixed charges are shared by a 
large number of units of energy to reduce the unit energy cost. Labor, 
supervision, and supplies will often remain substantially constant for all 






































Table 33-13. Calculation of Unit Energy Costs of 10,000-kw Steam Station 
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rates of operation, though some stations show a slight increase with 
Increasing generation. Maintenance and repairs increase with gener¬ 
ation, most of the increase being caused by steam-generator deterior¬ 
ation with service. The fuel cost varies directly with the capacity factor. 
The reason for the envelope in Fig. 33-6a will be recalled by referring to 
Pig. 32-5. 

'I"he two limits of the envelope define the region within which the total 
annual costs may lie for the various average capacity factors. The unit 
energy cost at any given capacity factor is then determined in Fig. 33-66 
aH follows: 


Unit energy cost 


total annual cost 

, ..V. capacity factor 

station capacity X ——= 7 ^^- X 8,760 


TIu! unit-energy-cost curve also appears in the form of an envelope, the 
|U‘e(use average for any year depending upon the shape of the load- 
duration curve. 

fn general, the unit energy cost will be a minimum when the generat¬ 
ing facilities are used to the maximum extent. The following example 
kIiows the chief reason for the aggressive sales effort made by utility 
(ininpanies to load their generating stations to the maximum. 

Example 33-6. Determine the unit energy costs for a single-unit steam-turbine 
Nial ion of 10 mw capacity with the input-output characteristic of 

/ = 10« X (11 -h 8.5L -I- 0.03L2 -f- 0.015LO 

I is in Btu per hour and L is in megawatts. Installed capacity cost is 3^100 per 
kilo watt, and the fixed-charge rate is 15 per cent. Fuel costs 20 cents per million 
htti. Labor, supervision, and supplies cost $30,000 annually. Maintenance varies 
lllioarly from $1,000 annually with the station hot but not generating to $31,000 
Hlinuiilly with the station operating continuously at maximum load. 

I'ind the minimum and maximum unit energy costs, assuming that the station is 
always hot, for capacity factors of 0, 10, 20, 30, 40, 50, 60, 80, and 100 per cent. 

Sol ft lion. Table 33-13 contains the entire solution. 

33-11. Incremental Fuel Cost. In economic evaluations there is a 
gretil. tendency to resort to average rates to arrive at a total cost. 
lilKlJ'eme caution should be exercised in doing this, especially in dealing 
wllli unit fuel cost of energy produced by a generating station. Thus, 
If tile average unit fuel cost over a year is 0.3 cent per kilowatthour for a 
dlveii output on a station, there is a strong temptation to assume that 
any additional generation at the same station can be produced at the 
aaine unit fuel cost. The additional fuel cost for the additional gener- 
alilon depends entirely upon the manner in which the generation is added. 
Tliis is demonstrated in the following example. 
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Example 33-7. A low-pressure steam station of 10,000-kw capacity has tha folltltj 
ing input-output characteristic, 

/ = 20 + 8L + 0.2L2 + 0.06L3 

where I is in millions of Btu per hour and L is in megawatts. This station carrJcw I 





Fig. 33-7. Figures for demonstrating variation in incremental fuel cost for a 
total added generation. 


existing daily load as listed in Table 33-14 and illustrated in Fig. 33-7. Find the 
age heat rate of an additional output of 24,000 kwhr daily when added as followil 

1. Equally over the 24 hr, i.e., raising the load by 1 mw each hour, as illustmtiMt 
in Fig. 33-76. 

2. Filling in the morning valley, as illustrated in Fig. 33-7c. 

3. Adding generation to the maximum possible during the peak period, aa iliupt i 
trated in Fig. 33-7d. 

The shaded areas on the load curves are all equal to 24,000 kwhr. Compare ih« 
incremental heat rates of the incremental generation for each case with the total 
average heat rate for the entire output. 

Solution, Table 33-15 lists the input rates, heat rates, and incremental ratei ¥■> 
the loads for the station. The heat- and incremental-rate curves are given in i‘1||i 
33-7a. 
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Table 33-14. Existing Station Load 


Hour ending 

Load, mw 

Hour ending 

Load, mw 

1 a.m. 

2 

1 P.M. 

3 

2 

1 

2 

5 

3 

1 

3 

5 

4 

1 

4 

5 

5 

1 

5 

7 

6 

1 

6 

8 

7 

2 

7 

9 

8 

3 

8 

9 

9 * 

4 

9 

9 

10 

5 

10 

7 

11 

5 

11 

5 

12 M. 

5 

12 P.M. 

3 


Table 33-15. Station Characteristics 


Load, mw 

Input, 

10® Btu per hr 

Heat rate, 

Btu per kwhr 

Incremental rate, 
Btu per kwhr 

0 

20.00 

00 

8000 

1 

28.26 

28,260 

8580 

2 

37.28 

18,640 

9520 

3 

47.42 

15,807 

10,820 

4 

59.04 

14,760 

12,480 

5 

72.50 

14,500 

14,500 

6 

88.16 

14,693 

16,880 

7 

106.38 

15,197 

19,620 

8 

127.52 

15,940 

22,720 

9 

151.94 

16,882 

26.180 

10 

180.00 

18,000 

30,000 


III 'Table 33-16 the daily inputs are computed for each of the daily load schedules 

I'KNOH. 

Knr the daily generation of 106,000 kwhr of the existing load the integrated or 
ridlly av(Tago heat rate is (1,720.76 X 10^)/106,000 = 16,230 Btu per kwhr. The 
average load is 106,000/24 = 4,410 kw. As a matter of interest, the instan- 
^lieeiiH luait rate for a constant load of this value on the station is 14,600 Btu per 
kwlir. 

Witli 2'1,000 kwhr generation added at the rate of 1,000 kw per hr the daily aver- 

K w heat rate is 2,094,960,000/130,000 = 16,115 Btu per kwhr. This compares with 
P average lieat rate of the existing load alone of 16,230 Btu per kwhr, an improve- 
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Table 33-16. Calculation of Daily Station Inputs 



Existing load 

t 

24 mwhr added to existing output | 

Hour 

ending 

Mw 

Input, 

10« Btu 

1 mw per hr 

At minimum 
loads 

At maximuni 
loads 

load 

Mw 

load 

Input, 

10« Btu 

Mw 

load 

Input, 

10« Btu 

Mw 

load 

Input) 

10« Btu 

1 A.M. 

2 

37.28 

3 

47.42 

4 

59.04 

2 

37, aH 

2 

1 

28.26 

2 

37.28 

4 

59.04 

1 

28.:ih 1 

3 

1 

28.26 

2 

37.28 

4 

59.04 

1 

28.2lt ' 

4 

1 

28.26 

2 

37.28 

4 

59.04 

1 

28.2(1 

5 

1 

28.26 

2 

37.28 

4 

59.04 

1 

28,211 

6 

1 

28.26 

2 

37.28 

4 

59.04 

1 

28.2(i 

7 

, 2 

37.28 

3 

47.32 

5 

72.50 

2 

37.2H 

8 

3 

47,42 

4 

59.04 

5 

72.50 

3 

47.'12 

9 

4 

59.04 

5 

72.50 

5 

72.50 

4 

69. (M 

10 

5 

72.50 

6 

88.16 

5 

72.50 

5 

72.6(1 

11 

5 

72.50 

■ 6 

88.16 

5 

72.50 

5 

72,6(1 

12 M. 

5 

72.50 

6 

88.16 

5 

72.50 

5 

72,60 

1 P.M. 

3 

47.42 

4 

59.04 

3 

47.42 

3 

47,42 

2 

5 

72.50 

6 

88.16 

5 

72.50 

5 

72 6(1 

3 

5 

72.50 

6 

88.16 

5 

72.50 

10 

180 (1(1 

4 

5 

72.50 

6 

88.16 

5 

72.50 

10 

180 (Ml 

5 

7 

106.38 

8 

127.52 

7 

106.38 

10 

180 (HI 

6 

8 

127.52 

9 

151.94 

8 

127.52 

10 

180 (HI 

7 

9 

151.94 

10 

180.00 

9 

151.94 

10 

180 INI 

8 

9 

151.94 

10 

180.00 

9 

151.94 

10 

180 INI 

9 

9 

151.94 

10 

180.00 

9 

151.94 

10 

180 00 

10 

7 

106.38 

8 

127.52 

7 

106.38 

10 

180 (Ml 

11 

5 

72.50 

6 

88.16 

5 

72.50 

8 

127 62 

12 P.M. 

3 

47.42 

4 

59.04 

4 

59.04 

3 

47 42 

Total. 

106 

1720.76 

I 130 

2094.96 

130 

~1981.80 

1 130 

2274 (IN 

--- 


ment in the efficiency of generation. The added energy input can be rviilHUl.iul IH 
terms of the average incremental heat rate, which is 

2,094,960,000 - 1,720,760, 000 ^ 

130,000 - 106,000 

The average incremental heat rate for this condition is 3.9 per cent less than thf 
average heat rate of the existing load. 
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With 24,000 kwhr generation added to fill the load-curve valley the daily average 
heat rate becomes 1,981,800,000/130,000 = 15,245 Btu per kwhr, as compared with 
16,230 Btu per kwhr for the existing load. For this method of adding generation the 
avni ages incremental heat rate is 


1,981,800,000 - 1,720,760,000 
130,000 - 106,000 


10,875 Btu per kwhr 


Tliiw is 33 per cent less than the existing-load daily average heat rate. 

With 24,000 kwhr generation added at the peak period of the load curve the daily 
HVPnigc heat rate becomes 2,274,680,000/130,000 = 17,500 Btu per kwhr as compared 
WMfi H),230 Btu per kwhr for the existing load. For this manner of addition the 
svurage incremental heat rate is 


2,274,680,000 - 1,720,760,000 
130,000 - 106,000 


23,080 Btu per kwhr 


Thin \H 42.2 per cent greater than the existing daily average heat rate. Summarizing: 


Load conditions 

Average 
lieat rate, 
Btu per 
kwhr 

Average 
incremen¬ 
tal heat 
rate, Btu 
per kwhr 

Variation of aver¬ 
age IR from exist¬ 
ing load HRy 
per cent 

Kxlniiiig load.. . . . . 

14 mwhr added, 1 mw per hr. . 

16,230 

16,115 

15,590 

- 3.9 

14 niwhr added at minimum loads . . . 

16,245 

10,875 

-33.0 

14 mwhr added at maximum loads .... 

17r500 

23,080 

+42.2 


fallacy of using average rates without precise knowledge of 
^OW l li(^ load is added becomes readily apparent in this example. The 
in average incremental heat rate for the same block of energy 
m the same base-load curve is more than 112 per cent. 

In iJiis example the average incremental heat rates were computed 
(him th(^ total inputs. They can also be computed from the incremental 
hviii characteristic of the station. The areas under the incremental- 
HU> cni’vo (see Fig. 33-7a) are the incremental inputs for the given 
IlliixkH of added load at each hour. As illustrated, the input added for 
mil ling 1 mw of load above a base load of 1 mw is the hatched area between 
I HIM I 2 mw. Similarly, when 1 mw of load is added to a base of 9 mw, 
llic added input is the area hatched between 9 and 10 mw. By properly 
•Hlciilafi tifi; these areas, adding them, and dividing by the total added 
IlHlxit tl 10 average incremental rate will be determined, which should 
llmck exactly the values obtained from using the total inputs. 

18 -12. Replacement of Existing Equipment. Obsolescence of existing 
Hi|nl|)mimt is rarely apparent. When it is suspected to exist, only a 
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careful analysis of all costs involved—those of the existing equipmanfc 
and those of the new, more efficient equipment—can determine thd 
answer. A condition that Clauses much confusion in obsolesceiioifj 
analysis is the proper interpretation to be placed on the present valuiT 
of the existing equipment. On the books of the owner there will be a 
certain '^book value placed on the equipment. This is found by fint 
entering the cost of the equipment when new and subtracting therefrom 
an arbitrary amount each year to indicate the estimated amount of 
recovered capital investment; the remainder is the book value and ll 
merely the estimate of the unrecovered investment at any particular dato* 

Fundamentally the capital investment in the existing equipment in II 
past expenditure. In economic-evaluation parlance it is commonly 
termed a '^sunk'' cost. A sunk cost has no bearing on future monetary 
expenditures. The sole question' to be answered in an obsolesceiioa 
analysis is: Will the future annual expenditures for the life of the |jrt^ 
posed new equipment be less than the future annual expenditures inouritMl 
by the existing equipment if it is kept in operation? 

If the existing equipment has been bought on the proceeds of htuui 
sales, it is true that annual payments would have to be met for intcrt'Kt 
and amortization. However,, if the equipment is retired in favOP tif 
more efficient equipment before the bonds have matured, these payment 
will be unaffected and so need not be considered in an obsolescence amily'* 
sis. This analysis reduces to comparing the total of fixed and 
charges of the proposed new equipment with the operating charges of itii* 
existing equipment. 

Example 33-8. A generating station consisting of three 1,000-kw oil engine! 
an industrial plant which has a yearly energy demand that is expected to romaln iii(» 
same in the future, as in the following tabulation; 


Hr 

Kw 

4,000 

2,000 

3,000 

1,000 

1,000 

500 

760 

300 


The loads at 1,000 kw and above must be protected by running a one-engine Vi) 
oads below 1,000 kw need not be protected since at such times short outagei tlllM 
Ifailures can be tolerated. These existing engines are 3 years old and coat pK| 
kilowatt installed. The installation cost is being amortized on the books of thi lUiliK 
pany on the basis of an 8-year life. 

The input-output characteristic of these engines is (per engine) 

I = 2,000,000 + 8,000L + SL* - O.OOSL^ 


where I is in Btu per hour and L is in kilowatts. The lubricating-oil coriHurtilitiiiM 
these engines has been 0.001 gal per kwhr. 
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A new oil engine of 1,000-kw capacity has since been developed with the following 
klIM.I Hiutput characteristic: 

I = 1,300,000 + 7,000L + 4.1L2 - 0.0014L3 

installed cost of this engine will be $85 per kilowatt and the lubricating-oil con- 
^lliption 0.0006 gal per kwhr. Operating labor costs are the same for the new and 
Ihe existing engine, but maintenance of the old engines averages |4,000 per year per 
HiigitU! and the new engine is expected to require only $3,000 per year. The existing 
Ittlgines can be sold for a net price of $40,000 each if it should be decided to replace 
my of them. 

|*'ind the number of engines that should be retired and replaced with new ones, if 
fu«*l ('.oats 25 cents per million Btu, lubricating oil costs 70 cents per gallon, money 
yiiti costs 8 per cent, and the life of the new engine is taken as 8 years. Taxes and 
IhKii i iince amount to 4 per cent of the original investment. Salvage value of the new 
ingiiies will be assumed equal to the cost of removal at the termination of their life. 
Khgitie availability is to be taken at 85 per cent. 

^iaiiUion 


Table 33-17. Annual Station Energy Requirements with 
Present Engines 


kw 

Hours 

Mwhr 

No. of 
engines 

Input per engine, 
10® Btu per hr 

Total input, 
10' Btu 

2,IH>0 

4,000 

Si 000 

3 

10.03 

120,400 

1,000 

3,000 

3,000 

2 

7.63 

45,800 

500 

1,000 

500 

1 

7.63 

7,630 

300 

760 

228 

1 

5.04 

3,830 

'rnlal 

8,760 

11.728 



177,660 


Table 33-18. Annual Station Energy Requirements with 
One New Engine at 100 Per Cent Availability 


1 iniul, 

L W 

Load division, kw 

Hr 

Output, 

mwhr 

Input 

New 

en¬ 

gine 

Old 

engines 

10® Btu per 
hr per 
engine 

Total inputs. 

10® Btu 

No. \ 

No. 2 

New 

en¬ 

gine 

Old 

en¬ 

gines 

New 

en¬ 

gine 

Old 

en¬ 

gines 

New 

en¬ 

gine 

Old 

en¬ 

gines 

Total 

J)0() 

1 .000 

500 

500 

4,000 

4,000 

4,000 

11.00 

7,63 

44,000 

61,100 

105,100 

1 ,000 

800 

200 

0 

3,000 

2,400 

600 

8.81 

3.90 

26,400 

11,700 

38,100 

500 

500 

0 

0 

1,000 

500 

0 

5.65 

0 

5,650 

0 

5,650 

:ioo 

300 

0 

0 

760 

228 

0 

3.73 

0 

2,840 

0 

2,810 

ilhl 





7,128 

4,600 



'^890 

72,800 

151,690 
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Correction of inputs and outputs to 85 per cent availability for new engine: 


New engine average heat rate = 128 000 ^ 11;070 Btu per kwhr 

Average increment heat rates of old engines = (|r72r-~4 ^00^0 

= 14,720 Btu per kwhr 

New engine annual output at 85 per cent availability = 7,128 X 0.85 

= 6,060 mwhr 

Corresponding old engine output = 4,600 + 7,128 — 6,060 = 5,668 mwhr 
New engine input at 85 per cent availability 

= 6,060,000 X 11,070 = 67,100 X 10^ Btu 

Corresponding old engine input 

= 72,800 + 14,720 X (7,128 - 6,060) = 88,500 X 10« Btu 

Total station input with new engine at 85 per cent 

availability = 155,600 X 10^ Btu 

Sinking-fund depreciation rate = ^ ^ 0-094, or 9.4% 

Table 33-19. Comparison of Annual Costs of Existing Station with 
Scheme Replacing One Engine 


Annual cost item 

Existing station 

Fuel oil @ 25^/million Btu. 

Lubricating oil @ 70fi per gal. 

Maintenance. 

Taxes and insurance @ 4 %. 

Amortization of new net invest¬ 
ment, @ 9.4 %. 

177,060 X i0*Btu S44,4t>n 

11.728,000 X 0.001 8,200 

4,000 X 3 12.000 

1,000 X 3 X 90 1 

_ .. 0 

Interest on new net investment 
@8%. 

* 

.. 0 

Comparative annual costs. 

., .. .f75,400 




With one engiiiG replaotitl 


155,000 X 10« Btu 

S38,D00 

5,668,000 X 0.001 

3.070 

0,060,000 X 0.0006 

2,040 

4,000 X 2 

a,oou 

3,000 X 1 

3,0IKI 

] ,000 X 2 X 90 

7,200 

1.000 X 1 X 85 

B,400 

(85,000 — 40,000) 

4,230 

(85,000 - 40.000) 

3,600 


173,040 


Annual savings in total costs = 75,400 — 73,940 = $1,460 (Table 33-10) 

By replacing one existing engine with a new one the future annual expend! turoi will 
be reduced by $1,460. In effect what has happened is that some of the oriMitiMl 
operating costs have been reduced and part of this reduction has been ri^plaoed by 
the investment charges on the new money of $45,000. 

In making the same study for replacing two engines it will be found that no MavIllUH 
result; hence only one unit can justifiably be replaced. 

Results of the obsolescence study may also be interpreted on the basis of eanUliKi 
on investment or rate of return f, solved for by trial and error from 


A _ i 

P ~ 1 - (1 -h i)-^ 

In this case 


and 


A = (75,400 - 73,940) + 3,600 -h 4,230 = $9,290 
P = 85,000 — 40,000 = $45,000 r?. = 8 years 


Then 

from which 
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9,290 


= 0.2062 


45,000 1 - (1 + i)- 

i = 12.7 % compared with the desired 8% 


The foregoing example is a case of partial obsolescence of equipment 
caused by advancement of the art. Another type of obsolescence relates 
to deterioration from use. In this type of problem, to restore the equip- 
nuuit to original or better condition, an investment in rebuilding is 
rc([uired. Such rebuilding ordinarily will not affect tax or insurance 
COHts, but, of course, sufficient savings must be realizable to repay the 
Investment with a suitable return. Here again, sunk costs have no 
|)(^uring on the problem; the only object is to reduce future annual 
expenditures. Expected future life of the equipment, as well as its 
Utilization, should be thoroughly investigated to ensure placing the 
ftiuilysis and conclusions on a sound basis. This will be evident from a 
itudy of the following example. 

Example 33-9. A 20,000-kw steam turbine has been in use for 4 years and generates 
105,000,000 kwhr annually. The first year this energy was produced at an average 
lieiit I’ate of 15,000 Btu per kwhr. Owing to blade erosion the average heat rate 
Increases at the rate of 0.05 per cent per 1,000 hr of operation, and this is expected to 
(tonihiue for the life of the machine despite adequate routine maintenance. To 
Cnblade the turbine and restore it to its original efficiency will cost $35,000. It has 
hiM'ii (airefully determined that the total life of the turbine should be taken as 15 years, 
Aliil ii, will be required to produce the same amount of energy annually in the future 
AH has in the past. If fuel costs 20 cents per million Btu, a minimum of 6 per cent 
Cnl.iirn is required of an investment, and the turbine operates 6,000 hr per year, deter- 
|mIiu‘ when and if the turbine should be rebladed. The rebladed turbine will deteri- 
nrnin in efficiency at the same rate as at present. 

Solution, First year’s annual fuel cost: 

105,000,000 X 15,000 X = $315,000 

IlicreaHe in fuel cost per year: 

315,000 X 6,000 X = S945 


III Ui(^ second column of Table 33-20 is the increase in fuel cost from the initial 
yciir of operation of the turbine for any year of its life. Hence, if the turbine is 
rttbladtMl in any one of these years, the subsequent years will realize the fuel savings 
MiTt’cted in that year, since the blading will again deteriorate at the same rate. In 
ihc third column is the corresponding life that the reblading investment will enjoy 
If ihc l<iirbinc is rebladed in any given turbine year. The fourth column is the factor 
fur conipiiting the annual interest and amortization of the reblading investment 
MiMdn in any given year. The fifth column gives the product of the factor and the 
1115,000 investment. To justify the reblading, the savings in fuel from column 2 must 
lie mI> lenst ecpjal to or greater than the interest and amortization given in column 5. 
TIiIn oiMiurH in the seventh, eighth, ninth, and tenth years. The greatest difference 
(H'lMii'M in the ninth year, where the largest return on the $35,000 reblading investment 
In indi<wited. 
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Table 33-20. Turbine Reblading Evaluation 


Turbine 

age, 

years (n) 

Subsequent 
annual sav¬ 
ing when re- 
bladed in 
given year {n) 

-r- 

Life of 
reblading , 
investment, 
years (m) 

0.06 

Annual in¬ 
terest and 
amortization 
of $35,000 in¬ 
vested in 
year (n), 
i = 0.06 

Rate of return 
for aubfllH 
quont annuil 
saving re¬ 
ferred to 
$35,000 in- 
veatmentf 
per cent 

1 - i.oe-”* 

1 

$ 0 

14 

0.1076 

$ 3,760 

Negativ® 

2 

945 

13 

0.1130 

3,960 

Negative 

3 

, 1,890 

12 

0.1193 

4,180 

Negative 

4 

^ 2,835 

11 - 

0.1268 

4,440 

Negative 

5 

3,780 

10 

0.1359 

4,750 

1.5 

6 

4,725 

9 

0.1470 

5,150 

4.1 

7 

5,670 

8 

0.1610 

5,640 

6.2 

8 

6,615 

7 

0.1791 

6,270 

7.6 

9 

7,560 

6 

0.2034 

7,120 

8.0 

10 

8,505 

5 

0.2374 

8,300 

6.9 

11 

9,450 

4 

0.2886 

10,100 

3.2 

12 

10,395 

3 

0.3741 

13,100 

Negative 

13 

11,340 

2 

0.5454 

19,100 

Negative 

14 

12,285 

1 

1.06 

37,100 

Negative 

15 1 

13,230 

0 



- 


Desirability of reblading can also be determined by the A/P ratio, wher® tllii 
figures in the second column are the values^f A for each year and P is $35,000. 
of return so calculated are given in the sixth column. The maximum rate of ifilurM 
of 8.0 per cent occurs with reblading done in the ninth year. This compares with f lu* 
minimum desired rate of 6 per cent. 

Another type of obsolescence problem that occurs quite frequoiilly 
in growing utility systems is the conversion of firing equipment in olil 
steam stations that are serving as peak-load and stand-by plants. Tlinwi 
plants often have stoker-fired boilers and operate only 4 to 6 hr E day 
during the peak season. When a boiler operates in this manner nii 
successive days for a period of several weeks or months, the griailf'iit 
economy is realized by banking the fires during the inactive hours iimlaail 
of permitting them to burn out each day and starting a fresh fire the iiphI 
day. Banking a fire maintains a slow rate of combustion in the funilM'M 
to keep the boiler steam pressure at some value below the working prpi- 
sure, A fire in this condition can bring a boiler to a steaming state wl( liln 
several minutes, whereas if a fresh fire had to be started, it might tuhn 
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levcral hours. Maintaining a banked fire consumes fuel that does not 
produce any useful energy output. 

It sometimes proves economical to remove the stoker and replace it 
with oil-firing equipment, even if oil should have a higher unit price than 
Ooiil. The savings are brought about by elimination of the nonproducing 
lldinent of banked-fire fuel; the elimination of the repairs of a stoker 
Wh ich has many parts exposed to more severe service than an oil-firing 
lystom; and reduction of the labor to attend the boiler furnace while it is 
bunked. The ease of starting an oil fire in comparison with a coal fire 
eliminates the necessity of maintaining a slow rate of combustion while 
it is not on active service. The boiler setting for an oil-fired furnace is 
hot by closing all dampers tightly to prevent infiltration and circu- 
Ifttion of cold air through the flue-gas passages. This cannot be done 
with a coal fire on a stoker since provisions must be made to carry off the 
ecunbustion gases of the slow fire carried on the grates, and a feed of air 
to t his fire must be maintained. 

33-13. Interconnections. When two power systems are in proximity, 
It in often economic to connect them so that energy may be interchanged. 
■I'lio (xonomic value arises from three factors: 

1. b]ach system individually operated must carry its own reserve 
eupncity. By connection through adequate ties the reserve of one sys¬ 
tem may be sufficient to serve for both. This reduction in reserve 
Uiipacity will allow taking the older inefficient units out of active service, 
thi't c'by reducing total fuel consumption. 

2. There often is a certain diversity in time between the peak demands 
nf fvvo systems, so that the peak load of the combined systems is less than 
tlit^ Hiirn of the individual peaks. Because of this diversity and the 
Uddil -ional reduction in reserve capacity just discussed the total active 
|mhIm11(h 1 capacity requirement of two systems is reduced over that for 
Imlividoal operation. This will allow a postponement of additional new 
Uiipacii-y with a growing load and effect important economies. 

II. A redistribution of loading among the generating stations by divid¬ 
ing load incrementally between two systems usually effects an immedi¬ 
ate Having in fuel. 

The method of determining the economic capacity of a proposed inter- 
OniiiKMition is rather lengthy, and only the major items are emphasized 
III tli<( following example. 

Kxnmple 83-10. Two power systems A and serving adjacent territories, are pro- 
jinMcil 1.0 1 x 1 interconnected for purposes of increasing the total economy of operation. 
Tilt' individual and combined daily load variations are tabulated in Table 33-21 and 
lllllNl.niied in I'Mg. 33-8. 

||‘oi' piirpoHCH of nirnplification assume that the given curves represent average as 
Well MH p(«ak days, 
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The capacity of system A totals 280 mw and is comprised of four 50-mw, two 
30-mw, and two 10-mw units. System B has a total capacity of 700 mw and con* 
sists of three 100-mw, four 50-mw^ and ten 20-mw units. Each system has boon 
designed for a two-unit installed reserve and operates on a one-unit spinning rCAfirVfJ 
On this basis system A has a spinning reserve of 50 mw and an installed reservt of 


Table 33-21. Chronological Load Curves of Systems A and B That Ani 
Proposed for Interconnection 


Time 

Load, megawatts 

System A 

System B 

Combined loads 

1 A.M. 

70 

160 

230 

2 

50 - 

140 

190 

3 

40 

120 

160 

4 

30 

120 

150 

5 

30 

120 

150 

6 

40 

130 

170 

7 

60 

160 

220 

8 

110 

180 

290 

9 

160 

200 

360 

10 

180 

200 

380 

11 

180 

200 

380 

12 M. 

140 

160. 

300 

1 r.M. 

170 

200 

370 

2 

180 

200 

380 

3 

180 

200 

380 

4 

180 

*250 

430 

5 

155 

370 

525 

6 

135 

500 

635 

7 

120 

450 

570 

8 

110 

380 

490 

9 

105 

330 

435 

10 

100 

280 

380 

11 

95 

230 

325 

12 

90 

180 

270 


100 mw. System B has a spinning reserve of 100 mw and an installed rcMervo of 
200 mw. 

Both systems are growing, and the peak load on each increases at an annual rnlO 
of about 10 per cent. This trend will apparently continue for some time as 
by an investigation of the probable future energy requirements of the two rentiotlt 
being served. For continued isolated operation of each system this would nmillio H 
minimum of 68 mw additional capacity yearly to maintain the ostabliahod 
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rnnorve policy. This would probably be provided in new units equaling in capacity 
the largest unit on each system, a sum of 150 mw. 

'rhe sum of the individual peak loads is 680 mw compared with a combined peak 
load of 635 mw, a difference of 45 mw due to diversity. As the capacity of the com¬ 
bined systems is 980 mw, the existing reserve for the combined systems is 345 mw. 

I'\)r systems having more than about 10 units, experience indicates that accidental 
outage of two units simultaneously at the precise time of the peak load is a remote 
pOHsibility (see Sec. 31-2). Hence, in merging two systems for joint operation, it is 



foaHililt! to permit the reserve of the larger system to serve also as the total reserve of 
the combined system, provided that the interconnecting tie is of sufficient capacity. 

Hince the largest units on the combined system are of 100-mw capacity, the installed 
fhwerve will be set at 200 mw compared with the 345 mw actually available. The 
illlTnrtaice of 145 mw is available for future growth, contrasting with the necessity of 
IllNtall itig new capacity if isolated operation is pursued. Of course, an appreciable 
(llvcHtmcnt will be required to construct the interconnecting tie line and make the 
liWo iiiiHcs of (1) isolated capacity expansion and (2) joint operation economically 
IMMiipctltive. 

MoUi should be studied to determine which course is the more desirable, not only 
III I hr light of immediate conditions but also with consideration of the probable effect 
Mil Ihr future economy of operation by adopting either policy. 

TriMiHitiission-line capacities and corresponding installed costs to interconnect sys- 
Imimh a iiml B are being considered as in the following tabulation: 

Kw Costs 

50,000 $1,400,000 

100,000 2,200,000 

150,000 2,800,000 

'I'hn iricrernontal-rate curve for each system is shown in Fig. 33-9, together with the 
IlM'n'MH'Ml-ul-rate curve for the combined systems. 

The c(m(,H of operating the individual units on each system, either at no load or in 
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Megawatt load 

Fig. 33-9. Individual and combined incremental-rate curves for systems A and H, 


a banked condition, including the cost of fuel, labor, and maintenance, are as i& ilm 
following tabulation: 


Units Cost per unit per year 

System^ A : 

50-mw. $150,000 

30-mw. 105,000 

10-mw. 50,000 

System B\ 

100-mw.* 200,000 

50-mw. 140,000 

20-mw. 80,000 


An analysis of the comparative capacity requirements for each size of transmlinliill 
line is given in Table 33-22. The load ^nd capacity conditions must be Btudlw! lit 
the times of the individual system peaks and the combined system peak to dotonidltH 
the units to be operated. Since the system B peak and the combined systenk 
pccur at the same time, only this period and the period of the individual system A jwull 
need be studied. To determine the savings effected in stand-by costs, the «pililllH| 
capacities for isolated operation on A and B are also included. 

In all cases, the objective is to eliminate all the high-cost stand-by capacity po»li|lilii. 
This is found by reducing the total stand-by costs to a unit cost, as in the 
tabulation: 


Unit 

Cost per 
kilowatt-year 

System A: 

50-mw. 

. $3.00 

30-mw. 

. 3.50 

10-mw. 

. 5.00 

System B: 

100-mw.... 

. 2.00 

50-mw. 

. 2.80 

20-mw. 

. 4.00 
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Tlio order of unit preference on the basis of stand-by costs is 

100 - 50 - 50 - A) 30 - A; 20 - B] and 10 - A 

Ati (Mich period (see Table 33-22) the minimum required spinning capacity is deter- 
niiiKid by adding to the system load the spinning reserve required. Considering the 
lyMlcm A peak period for the 50-mw tie, the total combined spinning capacity required 
|l 530 mw. By using the large units first, in preferred order of stand-by costs which 
fOiiglily correspond with their average efficiency (not shown), the nearest combina¬ 
tion provides 550 mw. With this placement of units on each system indicated as 
Unit.H operating (see table) it is then necessary to investigate whether each individual 
lyntcm has adequate protection. System A has 200 mw in spinning capacity; sys¬ 
tem B has a spinning capacity of 350 mw and a load of 260 mw, leaving a reserve of 
100 niw. However, only 50 mw of this reserve is available to system A because of 
th(' \ ic capacity limitation. Then the total capacity available to system A is the 
Itllti of its spinning capacity and the tie capacity, or 250 mw. Its load at the time is 
INO mw; therefore its reserve capacity is 70 mw, sufficient to protect it against the loss 
of lh(^ largest unit at its own end of the tie line. 

Hystem B has in spinning capacity 350 mw. The difference between the spinning 
8ll|nicity and load of system A is 20 mw, all of which is available to system B. Then 
ilm io tal capacity available to B is 370 mw. Subtracting its load of 250 mw, we find 
Mild it has an ample reserve of 120 mw. 

|t'or the time of the combined and system B peak a similar study shows that the 
ini .mil Hpinning capacity must be 760 mw against an indicated minimum of 735 mw. 
Al (li'Ht glance it might seem that one 20-mw unit too many has been placed in service. 
Will lout this unit system B would have only 90-mw reserve as against the required 

IINI mw. 

After all the critical periods have been analyzed, it develops that the time of the 
IIMlibiiKMl peak determines the amount of active capacity required. This is usually 
thn ciiHC but is not always necessarily so. Comparing the no-load capacity costs, 
lIlH 50-mw tie saves jointly 705,000 -|- 1,560,000 — 2,000,000 = $265,000 annually 
hy eliminating the operation of one 30-mw and two 20-mw units. The 100-mw and 
150-1 nw ties save a total of $345,000 annually in stand-by costs. 

All estimate of the direct fuel saving that can be realized from each tie is calculated 
Iff 'ruble 33-23, assuming that the transmission-line energy losses are negligible. 
Tim computations are carried out in the following manner. The combined system 
(uni I ni each hour (column 4) is the sum of the individual system loads in columns 2 
IIhI 3. T he combined load is then divided incrementally between the two systems by 
rii. ;t; i-9 and tabulated in columns 5 and 6 as the energy generated by each system 
yilder combined operation. 

The energy transmitted over the tie line (column 7) will then be evaluated by the 
dllTfi. >11(1(1 of the hourly figures in either columns 2 and 6 or columns 3 and 6. The 
NhM ve magnitudes determine the direction of transfer, in this case being from B to A 

Mull . ITH. Inspection of all figures in column 7 shows that all magnitudes are less 

Until Mk' iic-line capacity of 150 mw. 

|(cf(M'ring to the condition at 1 a.m., system B picks up 43 mw in generation, and 
4 ill'oph an (apial amount, as compared with conditions of isolated operation. The 

energy input to system A due to this transfer is evaluated by / ^ IR dL. 

Ulicc the ciinationH of the incremental-rate curves are not known, graphical means 
III cvnliniiion must be employed. By assuming the incremental-rate curve to be a 
Rimighl I iiK' from 27 to 70 mw the average height of the area under this portion of 


















































Table 33-22. Analysis op Comparative Capacity and Reserve Requirements and Stand-by Costs 


100- and 150-mw interconnection 

At time of 

system B peak® 

A B 

100 

735 

740 

740 

635 

105 

1,920 


500 

Q kO 

11 

o s s s s 

^ t 1 1 

eo ^ 


135 

■ 

240 

136 

106 

4-50 

600 

At time of 
system A peak 

OQ 

+ 

430 

100 

o o - 

CO is 

uO lO ■ 

o o 

*9 CO 
kO ^ 

o o 

(N 

■(™l CO 

OQ 

o • 
o • 

350 

20 

P O 
r- ko 
CO 

' 120 

3-100 

1- 60 

740 


i8o: 

200 

100 

300 

180 

§ s 1 

50-mw interconnection 

1 

At time of 
system B peak® 

+ 

to O 
o 

40 T-l 

iO Q * 

CO © 

Q kO 
O CO 

125 

2,000 

oq 

500 

.1 

560 

1 50 

610 

500 

110 

3-iOO 

4r- 50 

3- 20 

1,400 


lO 

CO • 

200 

1 50 

Q kO 
kS CO 

IS o o 

1-1 lO o 

1-1 t CD 

At time of 
system A peak 

oq 

+ 

§ § 


550 

430 

o o 

<N ^ 

i-i to 

i—E 

oq 

250 

: S S 

CO 

370 

260 

120 

3-100 
1- 60 

740 


S : 

1—E 

200 

50 

250 

180 

70 

4-50 

600 

Isolated 

operation 

oq 

500 

100 

600 

o o 
o o 

CP to 

o s s ^ ^ 

1—1 T—1 lO 

^ 17^ fH 


180 

50 

230 

230 

230 

180 

50 

4-,50 

1-30 

705 


S 

CD 

ca 

□2 

Load.. .. 

Spinning reserve.. ... . 

Mmimum spinning capacity required. 

Actual spinning capacity. 

Tie capacity,. . ... 

Total capacity available to systems.. 
Less load ..... 

Actual spinning reserve.... 

Units operating. | 

No4oad capacity cost, $1,000. 


K 

BQ 

a 


I 


•I 


* 


t 
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the curve will be (12,920 + 14,720)/2 = 13^820 Btu per kwhr, i.e., the average of t)| 
incremental rates at 27- and 70-mw loads. The error of the foregoing assumptioijl 
entirely negligible, though th^retically the average height of the area is slight 
greater than this average since the curve is concave downward. Then each kilon 
in this block of 43 mw requires 13,820 Btu if produced on system A. Since this hlfl 
is being dropped, the product 13,820 X 43,000 = 595 X lO® Btu per hr reproidl^ 
the decreased energy input to system A when interconnected with system Bi 
indicate the direction of application, the increment rate of 13,820 Btu per kwhr ml 
be termed the “decrement” rate. 

Now system B picks up this block of 43 mw by increasing its generation from ItW 1 
203 mw. The average incremental rate at which it is picked up is (12,240 + 12,91111 
2 = 12,580 Btu per kwhr. Comparing the increment and decrement rates, wo fltll 
that a saving of 13,820 — 12,580 = 1240 Btu per kwhr for the 43-mw block is efTool 
by the energy transfer over the tie line, or a total saving of 43,000 X 1,240 ™ 53,11 
10® Btu per hr. 

For the ties of lesser capacity all of the transfer indicated as desirable on an itiul 
mental basis cannot be effected. P^or example, at 3:00 p.m. though the ideal trail!fttf 
is 122 mw, with ties of 100- and 50-mw capacity the maximum energy that canbetrani 
ferred is limited to the capacity of the transmission line, and the economies are mU^U 
lated on the basis of the smaller transfers. 

To sum up the hourly savings for each tie, we find the total savings decreaW wlj 
decrease in capacity. The difference in savings effected by the 150- and HKl-mw til 
is negligible but much more marked for the 100- and 50-mw ties. 

The daily average energy savings per kilowatthour transferred compare af III til 
following tabulation: 

Megawatts Btu per kwhr 

150 1980 

100 2115 

50 ‘ 2305 

In this example for purposes of simplification the load curves are assumed Uj 
duplicated 365 days a year. Then the annual savings are 365 times the daily 

Table 33-24, Comparison of Incerconnection Economies of ThrMV 
Proposed Tie Lines 


_1. Tie-line capacity.. 

2. Joint fuel savings. 

3. Savings by eliipination of stand-by 
capacity: 

System A . 

System B . 

4. Total joint savings. 

5. Joint tie-line investment. 

6. Rate of return available for fixed 

charges, per cent.. 

7. Differential joint saving. 

8. Differential tie-line investment, . . , 

9. Rate of return available for fixed 

charges on increment investment, 
per cent. 


50 mw 

100 mw 

$ 123,000 

$ 164,000 

105,000 

105,000 

160,000 

240,000 

$ 388,000 

$ 509,000 

1,400,000 

2,200,000 

27.7 

23.1 


$121,000 

800,000 


15,1 


150 inw 

s [m^mi 


105, (HHf 


IS.2 
$ 2,OO0 
000,OOO 
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With the joint fuel savings known, as well as the joint reduction in operating capac¬ 
ity and the required investments, the comparative economy of the three schemes can 
calculated as in Table 33-24. 

On the assumption that both systems are owned by the same management, the 
H»lal ive financial merit of the alternate proposals could be decided by a study of 
'rnfilc 33-24. If the policy of the company required an 18 per cent return or better 
iih tlic investment, it might seem at first glance that all schemes would amply satisfy 
requirement, as shown by line 6 of the table. However, the true comparison is 
by line 9; the additional investment of $800,000 required by the 100-mw tie as 
Itiinpared with the 50-mw tie gives an increase in savings of $121,000 annually or a 
inlurn of 15.1 per cent on this additional differential investment. Since this does not 
IhPi'l the minimum return required, the 50-mw tie would be the choice. The 160-mw 
tlti is obviously uneconomical, owing to the differential investment return of only 
9.93 per cent. 

'rite tie-line proposal must be compared with new capacity installations as men- 
liniuid previously. Each system would probably install units at least equal in capac- 
My to the largest existing units. The study of such a proposal may readily show the 
Itimilts assumed in Table 33-25. 

Tahle 33-25. Calculation of Economy of Increasing System Capacity by 
Installation of New Units, for First Year of Operation 


A Hystem. 

Now capacity. 

rt, III v(^Htment in new capacity. 

i, Aimual fuel saving. 

5. Hm.v ing in stand-by elimination. 

I, 'I'oi^iil annual savings. 

? Itnio of return available for fixed 
nliiirges, per cent. 


A 

B 

Combined 

50 mw 

100 mw 

150 mw 

$5,000,000 

: $9,000,000 

$14,000,000 

300,000 

500,000 

800,000 

105,000 

320,000 

425,000 

$ 405,000 

$ 820,000 

$ 1,225,000 

8.1 

9.1 

8.8 


iVv comparing the combined capacity extension and the 50-mw tie 
pi'opoHiiLs the possibility of achieving superior economies by such inter- 
IHII11 lections is quite apparent. However, the reader should understand 
tlliit all interconnection proposals are not necessarily feasible. This 
*»iiniipl(i was chosen with conditions that were all favorable toward inter- 
lumiiection. This may not be the case in actual circumstances. 

Ill tills example the systems are about 100 miles apart, and the land 
iiiiCi’Ssary for the transmission line has been assumed to be no more 
Pi|iansive than ordinary farm lands. Several significant comparisons 
mi\ lie made of the two alternate courses of action. The tie line avoids 
II (inmbined immediate investment of $14,000,000 for new capacity less 
Mii^ cost of the line, a net amount of $11,200,000, in addition to making 
ilVMllnbh^ 145 mw of present capacity to absorb future growth, which in 
(Mill avoids future investment. The tie line makes available an addi- 
IIommI profit out of savings which can go partly toward reducing energy 

raliiu 

If cncli system continued operating independently, the fixed costs would 
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not yield savings that would in any way allow an extra margin of 
Of course, the added fixed charges caused by the addition of aapiifl 
will generally be coverecf by the additional revenues received from 
increased load in subsequent years and will allow the company the 
rate of return or somewhat less in the normal course of growth. But ^ 
trend in rate reductions is necessarily slower owing to the higher invi 
ment required for isolated operation. 

The economic solution of an interconnection problem as demonatri 
by the above discussion can be resolved into four major steps: 

1. Assemble the chronological load data for individual systemij iifl 
determine the combined hourly demands. 

2. Study the distribution of capacity in each system to achieve I III 
maximum fuel economy and protect against accidental outage in any jmf 
of the combined systems at all times. 

3. Compute the annual fuel savings resulting from energy triunifti 
over ties of various capacities. 

4. Compare the net savings with the corresponding investinonti 
determine the rate of return. 


PROBLEMS 

33-1. An industrial organization studying the relative desirability of two (Hit 
engines proposed for installation has estimated that the annual operating tiOMli fufJ 
engine A is $40,000 and for engine B is $35,000. What is the added justifiable IJiVWliej 
ment for engine B if the cost of money use is 8 per cent of investment, taxes Jim 
cent of 80 per cent of the first cost, insurance is 0.3 per cent of investment, Jiud ihl I 
annual depreciation charge has been set at 5 per cent of the total investment? 

33 -2. A village is considering the installation of a 1,500-kw municipal plant I 
posed of two diesel engines. Three different plans of installation are proposed IW b| 
Table P-1. * 

Table P-1 


Plant 

Total installed 
cost per kw 

Input-output curve for one engine 

A , 

$200 

I = 2,500,000 + 6,000L -|- 0.006Zy' 

B 

230 

I = 1,900,000 + 4,0001/ -1- 0.006L’ 

C \ 

1 250 

I = 1,400,000 -I- 3,000L -1- OL^ - 0.0006L* 


I is in Btu per hour, and L is in kilowatts. 

The annual load requirements are as shown in Table P-2. 

Table P-2 


Load, kw 

Hr at load 

1,400 

1,000 

1,000 

4,000 

500 

1,000 

100 

2,760 
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No reserve capacity is being provided, and operation will be guided solely by fuel 
nt'niinmy, Oil is avaUable at $2.10 per barrel of 360 lb with a heating value of 19,000 
Hill per lb. If the fixed-charge rate is 11 per cent, which is the economic plant? 

S3-3. Find the economic plant for the conditions of Prob. 33-2 if the load require- 
Iiumts are as siiown in Table P-3. 

Table P-3 

Load, kw Hr at load 

1,400 500 

800 7,000 

100 1,260 

88-4. Find the economic plant for the conditions of Prob. 33-2 if the fixed-charge 

Iff*to is 7 per cent. 

88 - 6 . Find the economic plant for the conditions of Prob. 33-2 if the installed costs 
(iH in Table P-4. 

Table P-4 

Plant Unit cost per kw 

A $200 

B 210 

C 220 

88 - 6 . Find the economic plant for the conditions of Prob. 33-2 if the fuel price is 
4A Of'Ml-H per million Btu. 

88 - 7 , Find the economic plant for the conditions of Prob. 33-2 if the fuel price is 
48 (UUitH per million Btu and the fixed-charge rate is 7 per cent. 

88 - 8 . A high-pressure steam plant and a diesel-engine plant are being compared, 
Pttnh having a capacity of 1,000 kw. The load to be served has the variations ffiven 
til TMc. P-5. 

Table P-5 

Load, kw Hr at load 


1,000 

100 

800 

1,000 

500 

6,000 

200 

1,660 


TIim M'l formance characteristics of the plants are 

I = 1,300,000 + 6,000L + + 0.004L* 

/ = 1,100,000 + 6,000L + 2.6L2 - O.OOOTL^ 

/ is ill Btu per hour and L is in kilowatts. 

Tilt* l‘u(*l (iosts are as follows: for the steam plant, coal having a calorific value of 
I WUi per lb costs $6 per short ton; for the diesel plant, oil having a calorific 
^ 4lUtt nl 17,000 Btu per lb costs $2.10 per barrel of 360 lb. 

Tilt' MltMUM plant will require a crew of eight men at an average annual salary of 
'I'Ik^ (lioHol plant requires a crew of five men at the same salary rate. Main- 
li»Uiili(*i» t'xpenditurcs for the steam plant are estimated at $2,000 per year- for the 
lilWl pin lit $J,600 annually. 

Thu liiNtaIhul costs are estimated as follows: steam plant at $220 per kilowatt and 
ih**w*l phinr at $200 per kilowatt. Which plant is the more economical if the fixed- 
•diipun rule in 15 per cent? 
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33-9. The data of Table P-6 have been assembled in comparing two proposed instal¬ 
lations of 1,000-kw capacity each. 

Table P-6 



Steam plant 

Diesel plant 

Fuel cost, cents per million Btu. 

Annual maintenance cost . 

25.0 
$ 2,000 
18,000 
5,000 
300 

30.0 
$ 2,200 
16,000 
4,000 
330 

ATtnnnl InboT* fiost 

Annual supplies cost.. 

TT-ni+ iTi<!+fl11nt,ion cost Der kw. .. 



The load has the characteristics of Table P-7. 


Table P-7 


Load, kw 

Hr at load 

1,000 

100 

800 

1,000 

500 

6,000 

200 

1,660 


Plant performance characteristics are 


Steam: I = 1,300,000 + 6,000L -h L* -h 0.004L3 

Diesel: I = 1,100,000 + 6,000L*+ 2.6L2 - 0.0007L3 


where 1 is in Btu per hour and L is in kilowatts. 

At a fixed-charge rate of 11 per cent which is the economic plant? 

33-10. Find the oil unit fuel cost tha^ would make the two proposals of Prob. 33-9 

equally economical. c rr r» q 

33-11. Which plant will be economic in Prob. 33-9 if the load demands of Table P-8 

were to be supplied? 

Table P-8 

Load, kw Hr at load 

1,000 4,000 

800 4,000 

500 760 

33-12. For a given installation a turbine manufacturer offers two alternate tur¬ 
bines of 1,000 kw capacity. Turbine A is valved to develop maximum efficiency at 
half load, turbine B to develop maximum efficiency near full load. The perfornmnoa 
characteristics of the two turbines are 


A\ 

B: 


I = 1,300,000 + 6,000L + + 0.004L3 

I = 1,300,000 + 7,000L + 1.4L2 -h 0.0004L* 
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Which turbine should be selected for the load conditions given in Table P-9? 


Table P-9 


Load, kw 

Hr at load 

1,000 

200 

800 

2,000 

500 

4,000 

200 

2,560 


The installed costs of the two turbines are the same. 

33-13. An industrial organization is considering the installation of a 3,000-kw 
diesel engine plant. Reserve capacity is not considered necessary, and a policy 
requiring equal-sized units has been established. To arrive at proper proportioning 
of unit size, the plans of Table P-10 are being studied. 

Table P-10 


No. units 

Unit capacity, 
kw 

Installed cost 
per kw 

Total 

housing cost 

3 

1,000 

$250 

$20,000 

2 

1,500 

230 

15,000 

1 

3,000 

220 

10,000 


The performance characteristics of the engines are 

1,000 kw: / = 1,100,000 -b 8,000L -h 2.61/2 - 0.0007L3 

1,500 kw: I = 2,000,000 -h 7,500L -h 1.4L2 - 0.0002L3 

3,000 kw: I = 3,700,000 -h 7,000L -h O.SL^ - 0.00007L3 

where / is in Btu per hour and L is in kilowatts. 

Maintenance cost per unit is estimated at 81,000 annually regardless of size. The 
labor costs for the one- and two-unit plants are equal, but two extra men will be 
required at a salary of $2,000 annually for the three-unit plant. Fuel costs 22 cents 
per million Btu. The expected load demand is shown in Table P-11. 


Table P-11 


Load, kw 

Hr at load 

3,000 

1,000 

2,000 

2,000 

1,000 

2,000 

500 

3,760 


Which is the economic plan at a fixed-charge rate of 18 per cent? 

33-14. A town desires the installation of a 3,000-kw diesel engine plant to supply 
cUictrical energy. The requirements are not considered critical enough to need 
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reserve capacity in the plant. The load to be generated annually is shown in Table 
P-12. 


^ Table P-12 


Load, kw 

Hr at load 

3,000 

200 

2,000 

1,000 

1,000 

2,000 

500 

5,560 


To determine the optimum size of plant the following proposed engines, costs, and 
performance data are being studied: 


Table P-13 


No. 

engi nes 

Engine capacity, 
kw 

Unit installed 
cost per kw 

1 

3,000 

$250 

2 

1,,500 

260 

3 

1,000 

275 


3,000 kw: 7 = 6,100,000 + 5,000L + 1.2L^ - O.OOOOTL^ 

1,500 kw: I = 3,400,000 + 5,000L + 2.3L2 - 0.0003L3 

1,000 kw: I = 2,100,000 + 5,000L + 3.6L2 - O.OOOTL^ 

where I is in Btu per hour and L is in kilowatts. 

All other annual costs are expected to be equal for all plans. Find the optimum 
plant at a fixed-charge rate of 10 per cent and a fuel cost of 30 cents per million Btu. 

33-16. An electrical supply system is experiencing a uniform rate of load growth 
amounting to 2 mw per year increase in magnitude of the peak load. The annual 
load factor and the shape of the annual load-duration curve remain constant during 
the growth as described in Table P-14. • 

Table P-14 

. Loadj per cent TimCj per cent of 

of peak load total time at load 

100 5 

80 10 

60 50 

40 20 

20 15 

For a given year the peak load was 20 mw, and five 5-mw units supplied the load. A 
one-unit operating reserve was always maintained. 

a. Plot the load-duration curve for the year, and indicate thereon the generation 
of each unit, labeling the least efficient A, 

b. Plot the load-duration curve for a year 10 years afterward, and indicate thereon 
the generation of each unit, assuming that the newer units are most efficient, that a 
one-unit operating reserve has been maintained, and that each new unit is of 6 mw 
capacity. 
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33-16. The average daily-load curve of a 100-mw central station is shown in Table 
P-15. 


Table P-15 


Time 

Average hourly 
output, mwhr 

Time 

Average hourly 
output, mwhr 

12 P.M.- 7 A.M. 

10 

6 P.M.- 7 P.M. 

60 

7 A.M.- 8 A.M. 

30 

7 P.M.- 8 P.M. 

50 

8 A.M.-12 A.M. 

50 

8 P.M.- 9 P.M. 

40 

12 A.M.- 1 P.M. 

40 

9 P.M.-IO P.M. 

30 

1 P.M,- 4 P.M. 

50 

10 P.M.-ll P.M. 

20 

4 P.M.- 5 P.M. 

60 

11 P.M.-12 P.M. 

10 

5 P.M.- 6 P.M. 

70 




The performance of the station is closely defined by 

7 = 10« X (76 + 7L -h 0.08L2 -h 0.00006L3) 

where 7 is in Btu per hour and L is in megawatts. 

Plot the heat-rate and incremental-rate curves of the station and the chronological 
load curve. 

The maintenance costs of the plant are a direct function of the load and are 15 per 
cent of the fuel cost. The unit fuel cost is 20 cents per million Btu. 

Find 

a. The daily fuel and maintenance costs of supplying the total load. 

h. The average unit fuel and maintenance costs per kilowatt hour for the daily load. 

c. The average unit fuel and maintenance costs of adding a constant load of 10 mw 
for 24 hr of the day. Do this in two ways, by finding the increased input from the 
7-L curve and from the IR-L curve. 

d. The same as (c), but with a constant load of 20 mw. 

e. The same as (c), but with a constant load of 30 mw. 

/, The unit cost for loads of 10, 20, and 30 mw added between 11 p.m. and 7 a.m. 

g. The unit cost for loads of 10, 20, and 30 mw added between 8 a.m. and 4 p.m. 

h. The unit cost for loads of 10, 20, and 30 mw added between 5 p.m. and 6 p.m. 

33-17. A large industrial plant has a 50-mw steam power station, the performance 

characteristic of which is 


7 = 10« X (44 -h 12L + 0.002L3) 

where 7 is in Btu per hour and L is in megawatts. The plant is being expanded and 
an additional 10-mw unit is to be built to take care of the expected loads shown in 
Table P-16. 


Table P-16 


Loady mw 
50 
30 
10 


Hr at load 
2,000 
3,000 
3,760 


Two different units are xmder study: a low-pressure unit A costing 370 per kilowatt 
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and a high-pressure unit B costing $100 per kilowatt. The performance characteris-1 
tics are 

A: I =^06 X (3 + IIL + 0.03L3) 

B: Z = 10« X (20 + 7L + 0.01L») 

All other costs are estimated to be the same for both units. 

а. Which unit should be installed if the fuel cost is 20 cents per million Btu and 

the fixed charge rate is 15 per cent? Assume that the existing system is kept hot when] 
generation is reduced to zero and has an availability of 85 per cent. I 

б. Find the fuel cost saved by installing the new units. I 

c. Find the average unit fuel cost of the generation dropped by the existing plani j 

when operating with each of the proposed units. 1 

33-18. An industrial plant with a 2,000-kw maximum demand for power has twoi 
alternate methods by which it may supply its energy requirements: (a) install aj 
diesel electric plant or (b) install a low-head hydraulic plant. The annual energy! 
requirements are given in Table P-17. I 

Table P-17 I 


Load, kw 

Hr at load 

2,000 

500 

1,600 

3,000 

400 

4,500 

0 

760 


No reserve capacity is required, and during zero load no engine is required to be kept ! 
in operation. 

The optimum diesel plant has been found to be two 1,000-kw engine units having] 
an installed cost of $220 per kilowatt. The input-output characteristic of one enginM 
is given by | 

/ = 10« X (2 -h 8L -h 2L2) j 

I 

where I is in Btu per hour and L is in megawatts. I 

The diesels will use oil having a heating value of 19,000 Btu per lb and costing $1.20 j 
per barrel of 350 lb. They will also require 0.1 qt of lubricating oil per engine-houH 
of operation at 20 cents per quart. Annual maintenance costs are estimated at 15 perl 
cent of annual fuel cost. A crew of four men will be required for operation, an engbj 
'neer at $5,000 per year and three operators at $3,500 per year. I 

A hydraulic plant of equal capacity can be installed at a cost of $300 per kilowatti 
The annual license fee for riparian rights amounts to 1 per cent of the investmentij 
The operating crew requires the same pay-roll expenditures as for the diesel plant,] 
Annual maintenance is estimated at $1,500. The hydraulic plant can meet the load 
demand at all times. ] 

a. If the fixed charge rate is 15 per cent, which plant should be selected? 
h. Find the unit installation cost of the hydraulic plant that would place it on a 
parity with the diesel plant. 

c. Find the fixed-charge rate that would place both plants on a parity. 

33-19. A system of 200-mw capacity requires additional capacity of 20 mw. Thtt, 
choice has been narrowed to the installation of a high-pressure steam plant or a 1 
hydraulic plant. The steam plant can be installed at a cost of $100 per kilowatt, and ; 
its performance is defined by 

7 = 10« X (32 -h 7L -h 0.004L*) 
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The performance of the existing 200-mw system is closely defined by 

/ = 10« X (140 -h lOL + 0.0005L3) 

where 1 is in Btu per hour and L is in megawatts. 

The expected loads on the total system are given in Table P-18. 

Table P-18 

Load, mw Hr at load 

200 100 

120 5,000 

80 3,660 

The hydraulic station can be installed at a cost of S200 per kilowatt, and the avail¬ 
able river flow and storage provisions will limit the annual capacity factor to 70 per 
cent. The reduction in fuel cost in the existing system wdll be accomplished at the 
same differential unit fuel cost ae for the alternate steam-plant proposal. The annua] 
maintenance cost of the steam plant is estimated at 20 per cent of the fuel cost and 
the hydraulic maintenance estimated at 30 per cent of the steam-plant maintenance 
Annual labor cost for the steam plant is $30,000 and lor the hydraulic plant $10,000. 
Fuel costs 18 cents per million Btu. The fixed-charge rate for the steam plant is 
12 per cent, for the hydraulic plant 10 per cent. Which plant should be installed? 
Assume availabilities of 90 per cent. 

33-20. A municipal plant consisting of two 1,000-kw diesel engines needs capacity 
protection for an mcreasing load. Interconnection with an industrial plant contain¬ 
ing two 600-kw diesels is being considered to provide the additional capacity. The 
municipal plant requires capacity protection for all loads in excess of 1,000 kw; the 
iMflustriBi) plant does not neod tbia protection. 

The average daily-load curve of the municipal plant and the industrial plant are 
shown in Table P-19, 

Table P-19 


Municipal plant 

Industrial plant 

Time 

Load, kw 

Time 

Load, kw 

12 P.M.- 8 A.M. 

400 

12 P.M.- 8 A.M. 

100 

8 A.M,- 5 P.M. 

1,500 

8 A.M.- 4 P.M. 

800 

5 P.M.- 8 P.M. 

2,000 

4 P.M.-12 P.M. 

100 

8 P.M.-ll P.M. 

1,500 



11 P.M.-12 P.M. 

400 




The performance characteristic of each of the 1,000-kw diesels is 
7 = 3,000,000 -h 5,000L -h 0.002L3 
The performance characteristic of each of the 500-kw diesels is 
7 = 1,600,000 -h 7,000L -h 0.007L3 
where 7 is in Btu per hour and L is in kilowatts. 
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a If fuel costs 25 cents per million Btu, what joint daily fuel savings will be reulincit T 
b. If the cost of effecting the interconnection is $1,000, does this scheme apptKir 
attractive compared with installing a new 1,000-kw engine at $150 per kilowatt Mini 

a fixed-charge rate of 10 per cent? ^ -..i, i nnn w Alumni 

33-21. A 10 000-kw steam station is to be interconnected with a 1,000-kW « 

engine plant, 'xhe daily loads on the steam station and the diesel station are HhdWll 
in Table P-20. The performance characteristics of the stations are: 


Table P-20 


Steam plant 

Diesel plant 

Time 

Load, kw 

Time 

Load, kw 

12 P.M.- 8 A.M. 

1,000 . 

12 P.M.- 8 A.M. 

200 

8 A.M.- 5 P.M, 

5,000 

8 A.M.- 4 P.M. 

800 

5 P.M.- 8 P.M. 

10,000 

4 P.M.-12 P.M. 

200 

8 P.M.-ll P.M. 

5,000 



11 P.M.-12 P.M. 

1,000 




Diesel: 
Steam: 


Z = 10« X (3.0 bL 2L3) 

7 =. 106 X (24 4- 8L + O-OOL^) 


where I is in Btu per hour and L is in megawatts. 
If the fuel cost for each plant is 20 cents per m 


illion Btu, what is the daily Uw\ 


A power-generation station is to be installed to handle a load of 25tUHW kW 
The daily load variation is as follows: 


250,000 kw 10% of time 
200,000 kw 30% of time 
150,000 kw 30% of time 
100,000 kw 30% of time 


The generation, will be either steam or hydro or a combination of the tWO 
The only available hydro site that can be developed has an average flow of 
By construction of a dam the water can be stored and used as needed. Head U . H I ■ 
tL turbine efficiency for this site would be 85 per cent, and the ^ 

would be 97.5 per cent. The capital charge (to cover taxes, insurance, dcpreHnlI Hb 
and return on investment) would be 10 per cent. Cost of operation and 
of the station would be $10 per hour for a one-unit station, $15 for two unlU| liO M* 

three units, $25 for four units, and $30 for five units . «i auMi .«* 

Steam units having a net output of 50,000 kw can be metalled at a co.t ^11 HI 1*^ 
kilowatt for the first unit and $175 per kilowatt for the second, third, fOliiUb Him 
fifth units. The steam unit capital charge is higher—12^ per cent. . 

Fuel would be coal at $7.75 per ton and 13,400 Btu per lb. Assume that tlM >il«l l«*l 
net heat rate (from coal pile to high-voltage system) is 10,500 Btu per kwhf, 
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Cost of maintenance and operation of a steam unit is dependent on the station load 
factor. Assume operation and maintenance cost to vary as in Table P-21. 

Table P-21 


Load factor 
1.00 
0.80 
0.60 
0 40 


Operation and maintenance^ 
mills per kwhr 
0.60 
0.65 
0.70 
0.70 


Station load factor 


kwhr output 
rated kw X no. of hr 


l^’or simplification of the problem, assume that only 50,000-kw steam and hydro 
Units will be considered and that the 250,000-kw load and generation are an inde- 
[Muident system. 

a. How much can be spent to develop the hydro site for a 50,000-kw unit? Give 
the answer in dollars per kilowatt, based on the difference in cost of a five- vs. four- 
unit system. 

h. How much can be spent to install a second 50,000-kw unit? 
c. How much for the third, fourth, and fifth hydro units? 
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CHAPTER 34 


ENERGY RATES 


34-1. Energy-rate Objectives, Wherever energy is used, some method 
must be devised to distribute equitably the cost of supplying it among 
the various classifications of use. This problem presents itself regard¬ 
less of whether the energy is used by the supplier, as in industrial enter¬ 
prises owning private plants, or whether the energy is sold, as by a public 
ekjctric utility. All forms of energy rates must cover the following items: 
(I) recovery of the cost of capital investment in generating equipment, 
transmission and distribution systems, and other forms of operating 
ocpiipment; (2) recovery of the cost of operation, supplies, and maintenance 
cif the equipment; (3) recovery of the cost of metering equipment, billing 
liiul collection costs, and miscellaneous services; and (4) a satisfactory 
net return on the total capital investment. 

Although the determination of each cost item is relatively simple, the 
allocation of these items among the various classes of use to arrive at 
equitable charges is rather complex for the public utility and the large 
Industrial plant and requires considerable engineering judgment and 
arbitrary determinations. These charges are expressed in terms of an 
mrrgy rate form. The various forms used can be classified according to 
Hcven principal types, as discussed in the following sections. A short 
r<^Hum4 of some of the problems of transforming total annual costs into 
Miese rate forms concludes this chapter. 

34-2. General Rate Form. A large variety of rate forms are in actual 
11 However, they are all derivatives of the following general equation 
bii-Htid on the recovery of the cost, 

y = dx + ez c 

wluTe y = total amount of bill for period during which energy was con¬ 
sumed, dollars 

d = unit charge for metered or allowed maximum demand during 
billing period, dollars per kw 
X = maximum demand during billing period, kw 
e = unit charge for energy, dollars per kwhr 
z = total energy consumed during period, kwhr 
c = a constant charge made each billing period 
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The total charge is made up of three elements: one depending upon the 
maximum demand for energgr, the second depending upon the total energy 
required, and the third being a constant figure. The first element, or 
demand charge, recovers a part of those investment charges that vary 
with the capacity of the generating and distributing equipment required; 
it also recovers a part of the operating costs that are independent of the 
total energy supplied but vary with the maximum rate at which energy 
may have to be supplied. The second element, or energy charge, recovers 
the remaining part of the investment charges of the generating and dis¬ 
tributing equipment (the reason for this will be evident in the discussion 
closing this chapter) and those elements of operating costs which vary 
with the total energy produced. The third element, or customer charge, 
recovers the investment charges and operating expenses that are inde¬ 
pendent of demand or total energy. Thus a consumer that remains con¬ 
nected to the lines of a supplier but uses no energy incurs expenses for the 
supplier that must be paid for. 

34-3. Flat Demand Rate. This is probably the first of the two early 
systems of charging applied to the field of the electric utility about the 
year 1882. It was based upon the total number of lamps installed and a 
fixed number of hours of Use yearly. Thus the total demand and the 
energy consumption were fixed. The charge could then be distributed 
in even monthly or weekly payments. As all customers were of a like 
class, the rate could be expressed directly as a certain price per lamp or 
unit of installed capacity. 

As the application of electricity broadened, the flat demand rate became 
restricted to uses such as sign lighting, signal systems, street lighting, and 
other loads where the energy consumption in point of quantity and time 
could be readily predicted. 

By eliminating the metering equipment and the attendant reading and 
accounting costs the total charge can be materially reduced with the 
probability of attracting additional business of this type. 

The flat demand rate can be expressed in the form 

y = dx 

Under this rate the consumer can theoretically use any amount of energy 
up to that consumed by his apparatus running at 100 per cent use factor, 
i.e., continuously at full load. With increased energy usage the unit 
energy cost becomes progressively lower since the total cost remains con¬ 
stant. The variation in total cost and unit cost is shown graphically in 
Fig. 34-1. Most rate forms can be plotted against the three coordinates 
of energy, demand, and total cost, thereby describing a geometric surface 
of definite characteristics. The surface of the flat demand rate has a 
definite limit when interpreted for practical usage. This limit is the 
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FtAT DEMAND RATE STRAIGHT METER RATE 


STEP METER RATE 




X= Maximum Demand, kw 
Y= Total Cost, Cents 
Z = Total Energy Supplied, kwhr 

Fig. 34-1. Basic forms of electrical-energy service rates. 


plane perpendicular to the energy-demand plane, o-a-b. This plane is 
the locus of the maximum energy that can be consumed with a given 
demand within a given period and is termed the “ 100 per cent use factor” 
plane. 

34-4. Straight Meter Rate. This rate is the second of the two forms 
of early systems of charging. It was instituted when a practical device 
for metering was devised and reduces to the form 


y = ez 

This method is usually most popular with the public since it implies a 
definite price for a concrete amount of a commodity. 
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MODIFIED 

STEP METER RATE BLOCK METER RATE 


UOFKINSOM 
DEMAND RATE 









X= Maximum Demand, kw 
Y=Total Cost, Cents 
2=Tota1 Energy Supplied, kwhr 

Fig. 34-1 (continued). Basic forms of electrical-energy service rates. 


The disadvantage of this rate lies in the fact that a consumer UNlltR 
no energy for a billing period has a zero charge, whereas he has inoUITwl 
a definite expense to the company due to its readiness to serve hinii 
34-6. Step Meter Rate. The straight meter rate has the disadvaiitagi 
of charging the same unit price for all magnitudes of energy consuniptluiii 
It was demonstrated in Fig. 33-6 that increased generation (or cunsutivp< 
tion) spreads the item of fixed charges over a greater number of unltfi (if 
energy and, therefore, the price of the energy should decrease as the 
sumption increases. To rectify the inconsistency of the straight iiuilidf 
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X= Maximum Demand, kw 
Y= Total Cost, Cents 
Z=Total Energy Supplied, kwhr 

Fig. 34-1 (coniinued). Basic forms of electrical-energy service rates. 


ra(<L several methods, sometimes termed “sliding scales,'" were intro¬ 
duced, of which the step meter rate was one of the two basic forms. The 
hU^\} meter rate is a group of straight meter rates of decreasing unit 
cliargt^H or slopes correspondingly applying to higher ranges of con¬ 
sumption, This rate can be expressed as follows: 

y = ez where 0 5 2 ^ a 

y = eiZi where a < zi ^ b 

y = e 2 Z>i where h < c 
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where 0 , a, b, c, etc. = limits of energy consumption 

e, ei, 62 , etc. = unit charges for various ranges of energy oii||« 
sufnption 

The equations are illustrated in Fig, 34-1, where all forms of ratdl I4l1i 
plotted for comparison. 

An inconsistency develops in the total cost when the energy consuiUtH 
tion nears the upper limit of one of the steps. By increasing the energy 
consumption so as just to enter the next step the total energy cost may Im 
reduced. This can be corrected by a modification of the rate so that ilia 
total cost remains constant when changing from one unit price or niiflp 
to the next lower unit price or step as shown in Fig. 34-1. 

Example 34-1. A step meter rate is quoted as follows: 

0-10 kwhr'at 10 cents per kilowatthour 
10-50 kwhr at 8 cents per kilowatthour 
50-100 kwhr at 6 cents per kilowatthour 
Over 100 kwhr at 5 cents per kilowatthour 

To modify this rate so as to eliminate decreasing cost with increasing 
first find the total cost at the lower end of each step, 

10 X 8 = $0.80 50 X 6 = S3 100 X 5 = $5 

Then the upper end of each constant unit cost step is 

® % 0 = 8 kwhr 

=3? kwhr 
= 83 kwhr 

The modified step meter rate is then 

0-8 kwhr at 10*cents per kilowatthour 

8-10 kwhr for 80 cents total 
10-37 kwhr at 8 cents per kilowatthour 
37-50 kwhr for $3 total 
50-83 kwhr at 6 cents per kilowatthour 
83-100 kwhr for $5 total 
Over 100 kwhr at 5 cents per kilowatthour 

34-6. Block Meter Rate. This rate accomplishes the same piirpoNH 
of decreasing unit energy charges with increasing consumption as the uto)! 
meter rate without its aforementioned defect. In this rate a certain Ulllti 
charge applies to a given block of energy, as contrasted to the total oiutrgy 
in the step meter rate. Then for succeeding blocks of energy the corro 
sponding unit charges decrease. 

The block meter rate can be reduced to the form 


y — C \ Z \ + 622:2 + * ’ ’ + Cn [2: — (21 + 22 + ■ ' * + 2!n-l)l 
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where 61 , 62 , . . . , = unit energy charges for energy blocks of magni¬ 

tudes 

2:1 + 2:2 + * • • -\r Zn — ^ = total energy consumption 

If the total energy consumption should fall within the second block, 
the equation would reduce to 

y = ^ 12:1 + e^iz — zi) 

Of y = 2:1(61 - 62) + 622: 

Under this circumstance the first term is a constant, and the equation 
could be written 

y = k + e^z 

4'hus k is in the nature of a constant charge such as a customer charge 
If the total energy z always exceeds the first block For this cir¬ 
cumstance the block meter rate can be looked upon as a modified form 
of the straight meter rate with an additional customer charge. The 
unit energy cost Y/Z (Fig. 34-1) is seen to approach the idealized unit 
cost variation of Fig. 33-6, which is the major objective of all rates. 

Example 34-2. A block meter rate is quoted as follows: 

First 10 kwhr at 10 cents per kilowatthour 
Next 40 kwhr at 6 cents per kilowatthour 
Next 50 kwhr at 4 cents per kilowatthour 
Next 100 kwhr at 3 cents per kilowatthour 
Excess over 200 kwhr at 2 cents per kilowatthour 

( biripute the total bills and average unit cost for consumption of 50, 100, 150, and 
IKK! kwhr. 

Solution 


I'hr 50 kwhr: 

- (10 X 0.1) + (40 X 0.06). S 3.40 

100 kwhr; 

// - (10 X 0.1) -h (40 X 0.06) + (50 X 0.04). $ 5.40 

htr 150 kwhr: 

1/ - (10 X 0.1) + (40 X 0.06) -h (50 X 0.04) -h (50 X 0.03). $ 6.90 

I'lH’ 300 kwhr: 

V - (10 X 0.1) -h (40 X 0.06) + (50 X 0.04) -h (100 X 0.03) 

-h (100 X 0.02). $10.40 


Total 

kwhr 

Total 

cost 

Unit cost, 
cents per kwhr 

50 

$ 3.40 

6.S 

100 

^.40 

5.4 

150 

6.90 

4.6 

300 

10.40 

2,0 
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34-7. Hopkinson Demand Rate. In either a straight meter rate or ii 

flat demand rate the actual costs cannot be adequately allocated; tht* 
is due to trying to charg^ on the basis of a single item when actually 
the costs vary with three items. Partly recognizing this factj Dfi 
John Hopkinson in 1892 proposed a rate system explicitly inoludlilK 
demand and energy charges. This rate form is expressed as 

y = dx ez 

Both the demand and energy charges may be graduated on either a block 
or a step system. This rate introduces the problem of measuring a coiP 
sumer’s demand. In some instances the connected load multiplied by tl 
representative demand factor determines the billing demand. In otbcrUt 
meters continuously record the*cumulative energy consumption for 
intervals such as 5 min, 15 min, 30 min, or 1 hr. The maximum ouitUI* 
lative consumption is then the maximum demand for the billing period. 
The shorter the period over which the cumulative energy demand In 
measured, the higher the maximum demand owing to the fluotiuifclag 
nature of most loads. Some utility companies specify a billing demand 
in terms of the number of rooms in a building for residential servlciq 
others arbitrarily determine billing demand upon the basis of floor aroitt 
Wherever billing demands are computed by some arbitrary standard i 
they must be paid for even if no energy is consumed during the period, 
This requirement theoretically disappears if the demand is moteroili 
However, it is usual to specify a minimum demand that must be paid ful*t 

Example 34-3. A Hopkinson demand rate is quoted as follows: 

> 

Demand: 

First kilowatt of maximum demand at S6 per kilowatt per month 
Next 4 kw of maximum demand at $5 per kilowatt per month 
Excess over 5 kw of maximum demand at 34 per kilowatt per month 

Energy: 

First 50 kwhr at 6 cents per kilowatthour 
Next 50 kwhr at 4 cents per kilowatthour 
Next 200 kwhr at 3 cents per kilowatthour 
Next 400 kwhr at 2.5 cents per kilowatthour 
Excess over 700 kwhr at 2 cents per kilowatthour 

(a) Compute the monthly bill for a total consumption of 1,500 kwhr and a 
mum demand of 12 kw. Find the unit energy cost. 

(5) If the month contains 30 days, what is the lowest possible bill for th# alVHii 
energy consumption? Compute the corresponding unit energy cost. 
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Solution 

(a) Demand charge = 6 + (4 X 5) + (7 X 4). $54 

Energy charge = (50 X 0.06) + (50 X 0.04) + (200 X 0.03) 

+ (400 X 0.05) + (800 X 0.02) 

Total monthly bill.. $91 

Unit energy cost, = b.07 cents per kwhr 

(5) The lowest possible bill occurs when the demand is held to a minimum which 
or.curs at 100 per cent load factor. For this condition 


Average load = maximum load = 24 ~ 2.083 kw 

'Phen 

Demand charge = 6 + (1.083 X 5). $11.42 

Energy charge. 37.00 

Lowest possible bill. $48.42 


4 842 

Unit energy cost = = 3.22 cents per kwhr 

Since in most systems the peak occurs once a year, it is frequently 
specified that the billing demand shall be not less than a specified mini¬ 
mum value, but if the metered demand in any month exceeds this mini¬ 
mum, the highest value metered shall be the billing demand for the 
succeeding 12 months. At the expiration of the 12 months the minimum 
value again controls unless the metered demand is higher than the 
minimum, when such higher value is again used as the billing demand for 
another 12 months or until it is displaced by a succeeding higher value. 

34-8. Doherty Rate. This rate, also called the *Hhree-part charge'’ 
rate, was introduced by Henry L. Doherty at the beginning of the 
twentieth century. It is an extension of the Hopkinson rate in that it 
adds the customer charge, the form being identical with the basic form 
mentioned previously. 

y = dx ez c 

In this form, for zero energy consumption but connection to the source 
of energy still in effect, the consumer will pay the customer charge. 
'Die Doherty rate is sometimes modified by specifying the minimum 
demand and the minimum energy consumption that must be paid for 
if Miey are less than the minimum values specified. In this manner the 
customer charge c is incorporated with the demand and energy component. 

34-9. Wright Demand Rate. This rate was first proposed in 1896 by 
Arthur Wright at Brighton, England. While the Hopkinson demand 
ratt^ offers explicit inducement to a consumer to keep his demand at a 
minimum through lowering the demand charge, the Wright demand 
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rate intensifies this inducement by lowering both the demand and l.)n' 
energy charge for a reduction in maximum demand or, in other woriU, atl 
improvement in load factor. 

This rate may be expressed in the form 

y = eitid + €2t2d + €shd + • * * 

Cn [z — {ti -\- t2 h * * ■ + 

where <i, < 2 , fs, = specified succeeding blocks of time, hr, tuUl 

of all blocks being equal to number of hours in billing imriiiil 
d = maximum demand during billing period 
z = total energy consumption during billing period 
Cl, 62 , 63 , . . . , Cn in- decreasing order of magnitude = onct’Ky 
charges for corresponding blocks of energy tid, t^d, hd, • • < « 
tnd 

This rate is usually specified for industrial consumers, who have smun 
measure of control over their maximum demands. The rate is oitcit 
modified by stating a minimum charge which must be paid if the enffgy 
for the billing period falls below the amount allowed by such charge. 

Example 34-4. A Wright demand rate is quoted as follows: 

For energy purchased monthly, the equivalent of 

1. The first 50 hr use of maximum ’demand at 6 cents per kilowatthour 

2. The next 50 hr use of maximum demand at 4 cents per kilowatthoUP 

3. The next 100 hr use of maximum demand at 3 cents per kilowatthour 

4. The next 200 hr use of maximum demand at 2 cents per kilowatthour 

5. All energy in excess of foregoing blocks at 1 cent per kilowatthour 

(a) Compute the bill for a monthly energy consumption of 432,000 kwhr yvlih a 
maximum demand of 1,600 kw. Compute the unit energy cost corresponding. 

(h) Find the lowest possible bill for this energy consumption and the corrattiKJUiUim 
unit energy cost for a 30-day month. 

Solution 

(а) 1st block; 50 X 1,600 X 0.06 = 80,000 X 0.06. ® 

2d block: 50 X 1,600 X 0.04 = 80,000 X 0.04. 8,200 

3d block; 100 X 1,600 X 0.03 = 160,000 X 0.03. 4,800 

4th block; 112,000 X 0.02. 2,240 

. 432,000 kwhr.$15,040 

Unit energy cost = ^432 000~ ^ e^nts per kwhr 

(б) The lowest possible bill occurs at 100 per cent loatl factor. Then 

Average load - maximum load - 
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'rhen 

1st block: 50 X 600 X 0.06 = 30,000 X 0.06. $1,800 

2d block: 50 X 600 X 0.04 - 30,000 X 0.04. 1,200 

3d block: 100 X 600 X 0.03 = 60,000 X 0.03. 1,800 

4th block; 200 X 600 X 0.02 = 120,000 X 0.02. 2,400 

5th block: 192,000 X 0.01. 1,920 

Total. 432,000 kwhr. $9,120 


Unit energy cost = 432 000 “ cents per kwhr 

34-10. Rate Adjustments. The constants used in rate forms are based 
on certain specified conditions of operation and prices. Owing to the 
monopolistic character of the electric utilities, they are allowed a ''fair 
return” bn their investment. If conditions of operations and prices 
Hhould so act as to reduce the operating costs of the utility, it is required 
to pass along such reductions to the consumer and limit itself to its stated 
fair return; conversely, if operating costs should increase, it will be allowed 

i.() pass along such increases within the limitations of the allowed fair 
return. Such adjustments must be set up in the rate forms. Some of the 
adjustments found in practice are: 

1. Fuel-price adjustment This provides for increasing or lowering the 
total bill as actual fuel price deviates from standard price. This some¬ 
times includes the change in efficiency of generation from a given standard 
of efficiency. 

2. Hydraulic-fuel adjustment. This provides for variation in fuel con- 
Mumption as affected by availability of water power. 

3. Tax adjustment. This provides for variation in tax costs of a utility. 

4. Wage adjustment This provides for variation in labor costs of a 
utility. 

5. Power-factor adjustment This provides a penalty for a consumer 
if the power factor of load drops below a specified standard. 

(). Discount adjustment. This provides a discount for a consumer for 
tli(i prompt payment of bills. 

34-11. Rate Design. One of the most controversial subjects is that of 
cost allocation to the various consumers served by a central-station 
HIT vice. Although there is general agreement as to the justice of the 
general rate form as suggested by the Doherty rate, the details for 
determining the magnitudes of the constants for the various types of 
consumers depend upon what is considered an equitable distribution of 
costs. Without holding any brief for a particular method of allocation, 
Home of the methods of allocation are described in the following to illus- 
tcate the nature of the problem. 

'The principal advantage of the scheme of central-station service lies in 
Uie reduction of investment in generating facilities made possible by the 
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diversity in maximum demands of the individual consumers relative to 
each other. Equitable allocation of the fixed charges on this investment 
among the consumers then arises. 

One method known as the peak-responsibility allocation assumes that 
the cost should be distributed according to the proportion in which each 


Table 34-1. Consumer and System Loads 


Time 

System 
total, mw 

Consumer load, mw 

A 

B 

C 

D 

1 A.M. 

40 

10 

20 

10 

0 

2 

40 

10 

10 

10 

10 

3 

50 

It) 

10 

10 

20 

4 

50 

10 

10 

10 

20 

5 

40 

10 

10 

10 

10 

6 

40 

10 

20 

10 

0 

7 

60 

10 

40 

10 

0 

8 

70 

10 

50 

10 

0 

9 

70 

- 10 

50 

10 

0 

10 

70 

10 

50 

10 

0 

11 

70 

10 

50 

10 

0 

12 M. 

70 

10 

50 

10 

0 

1 P.M. 

50 

10 

30 

10 

0 

2 - 

70 

10 

50 

10 

0 

3 

70 

10 

50 

10 

0 

4 

90 

10 

50 

30 

0 

5 

100 

10 

30 

60 

0 

6 

90 

10 

20 

60 

0 

' 7 

SO 

10 

10 

60 

0 

8 

70 

10 

10 

50 

0 

9 

60 

10 

10 

40 

0 

10 

50 

10 

10 

30 

0 

11 

40 

10 

10 

20 

0 

12 

30 

10 

10 

10 

0 

Total 

1,470 ' 

240 

660 

510 

60 


consumer requires energy at the time of the system peak demand. Thu 
main disadvantages of this method lie in the facts that peaks of a central^ 
station system do not occur always at the same time^ that proportions tif 
consumer demands for successive peaks vary, and that any consuiiiors 
that do not require energy at the system peak time but do reciuire firiti 
power at other times of the day are not sharing an equitable portion of the 
fixed charges. 
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Another method known as the noncoincident-demand allocation 
attempts to remedy these defects by proportioning the fixed charges 
according to the consumer individual maximum demands regardless of 
the time when they occur. The difference in allocating costs under the 
two methods is illustrated for an extremely simplified case. Table 34-1 
shows the daily load variation and the individual demands of the con¬ 
sumers. Assume that this curve repeats itself daily. Table 34-2 shows 
the percentage of the fixed charges that would be allocated to each con¬ 
sumer under each method of apportionment. 


Table 34-2. Comparison of Allocations of Fixed Charges— 
Peak Responsibility vs. Noncoincident Demand 


Consumer 

Peak responsibility 

Noncoincident demand 

Mw 

Per cent of 
fixed charges 

Mw 

Per cent of 
fixed charges 

A 

10 

10 

10 

7.1 

B 

30 

30 

50 

35.8 

C 

60 

60 

60 

42.9 

D 

0 

0 

20 

14.2 

Total.. 

100 

100 

140 

100.0 


Under peak-responsibility allocation consumer D escapes bearing a 
lair share of investment charges. At the other extreme consumer C 
boars the maximum proportion since his peak occurs at the time of the 
system peak. Under noncoincident demand consumer D bears a part of 
the fixed charges in proportion to his maximum requirements, due con¬ 
sideration being given the relative diversity of the demands. Con¬ 
sumers A and C gain in economy, while B and D assume a fairer share of 
(<hc investment costs under noncoincident demand as compared with 
p(!ak responsibility. 

However, consumer A has a 100 per cent load factor and therefore 
cannot have a diversity in respect to any other load. Under noncoinci- 
d(mt-demand allocation A benefits from a diversity that does not exist; 
i.(L, if A were removed from the system, it would be possible to eliminate 
10 mw of capacity without disturbing the requirements of the remaining 
(jotisumers. Hence A should pay the full investment charges on its 
identical average and maximum demand and not enjoy a discount at the 
expense of the other consumers. To make diversity possible, the load 
fac.tor of the consumers must be less than 100 per cent. Furthermore, 
( lie lower the load factor, the greater the benefits that become possible 
IxHuiuse of diversity. 

A method doHigiiated as the “two-element” method endeavors to 
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account for the relationship of load factor and diversity credit. It ia 
illustrated by a numerical example. 

Example 34-6. The central station supplying the system in Table 34-1 has j| 
capacity of 120 mw costing SlOO per kilowatt upon which annual fixed charges of| 
$1,440,000 must be distributed. Since the maximum system load is 100 mw, thai 
20-mw difference from station capacity represents reserve capacity. For this examjl 
pie it will be assumed that the fixed charges on the reserve capacity amounting to 
$240,000 are allocated on the basis of a customer charge. Then the active capaoitq 
equal to the system peak load of 100 mw must earn fixed charges annually amountio|| 
to $ 1 , 200 , 000 . 1 

If the 100-mw portion of the station capacity operated at an annual load factON 
of 100 per cent, its fixed charges could be recovered entirely by making an cncrgw 
charge of 1,200,000/(8,760 X 100,000) = $0.00137, or 0.137 cent per kilowatthour, j; 

With the actual daily load of Table 34-1 obtaining for 365 days a year the coit 
recovered by this energy rate would be only 1,470,00 X 365 X 0.00137 = $735, !00|] 
leaving an unrecovered cost of $464,900. Now the average load on the system for 1 
year (or day) is 1,470,000/24 = 61,250 kw. On an equivalent basis it may be asijuino^l 
that the first 61,250 kw of capacity earns its fixed charges by being loaded 100 per cent 
of the time and being charged for on the basis of the energy output. The remaiDing 
capacity of 100,000 — 61,250 = 38,750 kw is necessary for variation of demand abov* 
the average. The cost of this capacity, which is $464,900, must then be equally 
spread over the units of maximum demand of each consumer that is in excess of t)ii 
consumer’s average demand. From Table 34-2 the total noncoincident demands of 
all consumers is 140,000 kw, which compares with the average demand of 61,250 kWi 
The excess demand of 140,000 — 61,250 = 78,750 kw must then recover the remaiHij 
ing $464,900 of fixed charges by a demand chfirge of $464,900/78,750 = $5.90 pOF 
kilowatt. This rate could then be expressed in the form of 0.137 cent per kilowatthour 
maximum demand in excess of average load. 

From a practical standpoint it is more convenient to base the demand charge m 
the total maximum demand rather than on the excess figure. Recognizing tlmt 
(0.137 cent per kilowatthour) X (8,760 kwhr per kw) = $12 per kilowatt, it is [mmfti 
terial whether the energy charge or the demand charge is used to recover the saniil 
portion of the fixed charges. To use the same demand figure for the total maximum 
demand kilowatts as for the excess kilowatts above average demand, it follows tUfti 
the equivalent of either 0.137 cent per kilowatthour or $12 per kilowatt is $5.90 (Wl' 
kilowatt plus (1,200-590)/8,760 = 0.0697 cent per kilowatthour. That is, the (Ixml 
charges on the active capacity will all be recovered by billing on the annual basil ttf 
$5.90 per kilowatt of maximum demand plus 0.0697 cent per kilowatthour. 

The allocation of fixed charges among the consumers of Table 34-1 on the ahov# 
rate is shown in Table 34-3 and is compared with the other methods of al local ion. 

By comparing the allocation of fixed charges among the consumers for the twtw 
element method of charging and the noncoincident-demand method the 100 per 
load factor of A is fully accounted for in the former in comparison with the unjurttilWil 
credit assigned it for diversity in the latter method. The 55 per cent load faotOF nf 
B causes it to be assigned a somewhat larger portion of the fixed charges in the ( wil* 
element method, whereas the 35.4 per cent load factor of C and the 12.5 per cent loiwl 
factor of D cause a smaller portion of fixed charges to be assigned to them. 

Assuming that the two-element method is used for the rate design, it is then iitioei* 
sary to allocate the fixed charges on the reserve capacity. If this is done on a cuxtOlimF 
basis, there will be an annual charge of $240,000/4 — $60,000 per customer per yi’Hh 
If it is considered more equitable to distribute on the nonooinoident-deinand biwli^ 
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there will be an additional demand charge of $240,000/140,000 kw = $1.71 per kilo¬ 
watt maximum demand. 


Table 34-3. Comparison of Demand-charge Allocations 


Consumer 

Two-element method of 
fixed charges 

recovering 

Per cent of fixed charges ' 

Maxi¬ 

mum 

de¬ 

mand, 

mw 

Annual maximum demand 
charge 

Two- 

ele¬ 

ment 

method 

Non¬ 

coinci¬ 

dent 

demand 

Peak 

responsi¬ 

bility 

$5.90 
per kw 

0.0697 
cents per 
kwhr 

Total 

A 

10 

$ 59,000 

1 61,100 

1 120,100 

10.0 

7.1 

10.0 

B 

50 

295,000 

168,000 

463,000 

38.6 

35.8 

30.0 

C 

60 

354,000 

129,700 

483,700 

40.3 

42.9 

60.0 

D 

20 

118,000 

15,200 

133,200 

11.1 

14.2 

0.0 

Total........ 


$826,000 

$374,000 

$1,200,000 

100.0 

100.0 

100.0 


For the latter condition the total rate for recovering fixed charges on station invest¬ 
ment would be $7.6 J per kilowatt of maximum demand plus 0.0697 cent per kilowatt- 
Itour. If the total production cost of the station is $2,000,000, a detailed analysis of 
each item of operating cost might show that $700,000 was a. function of demand and 
the remaining $1,300,000 a function of energy produced. The demand rate for 
t'<^covery of operating cost is then $700,000/140,000 = $5 per kilowatt of maximum 
demand, and the energy rate is $1,300,000/(365 X 1,470,000) = $0.00242, or 0.242 
<icnt per kilowatthour. For this particular example, then, the total rate at the station 
bus is 


1. Fixed charges of active capacity. 

2 . Fixed charges of reserve capacity 

3. Operating costs. 

'I. Total rate at station bus. 


$ 5.90 per kw plus 0.0697 cent per kwhr 
1.71 per kw 

5.00 per kw plus 0.242 cent per kwhr 
$12.61 per kw plus 0.3117 cent per kwhr 


This elementary example only illustrates some of the problems of rate 
design, and the student is cautioned against assuming it as typical. Rate 
d(\signing for a public utility is much more complex than indicated, owing 
(.<) the variety of equipment and services that such a property must 
supply. In round figures the proportion of relative investment in capital 
(Hpiipment of some companies might be found to approximate the data of 
Uic following tabulation: 

Per cent 


1 . Central generating stations. 35 

2 . Transmission equipment. 15 

3. Substations. 15 

4. Distribution system. 25 

5. Offices, garages, shops, etc. 10 

6 . 4'otal. 100 
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The layman often wonders about the wide margin in the cost of pro* 
ducing a kilowatt at the station bus (about 0.5 cent) and the price hi 
pays for use in his home (about 5 cents). This comes about from thil 
enormous amount of equipment required for operating and managing the 
business as a whole and the personnel required for the commercial aspeot|I 
A breakdown of the various items of cost would be about as appears in thi 
following tabulation for some companies: 

Per cent 


1. Generating-station investment charges. 11 

2. Transmission-equipment investment charges. 5 

3. Substation investment charges. 6 

4. Distribution-equipment investment charges. 28 

5. Miscellaneous investment charges. 2 

6. Total investment charges... T.. 52 

7. Operating costs of power plants, transmission system, and 

substations. 12 

8. Distribution-system operation. 5 

9. Meter reading, billing, collection, sales, etc. 31 

10. Total operating costs... 48 

11. Total cost of service.... 100 


PROBLEMS 

34-1. An industrial concern purchases energy under the following rate: 

For energy purchased monthly the equivalent of 

1. The first 30 hr use of the maximum demand at 5 cents per kilowatthour 

2. The next 100 hr use of the maximum demand at 2 cents per kilowatthour 

3. The next 200 hr use of the maximum Remand at 1 cent per kilowatthour 

4. All energy in excess of foregoing blocks at 0.8 cent per kilowatthour 

The total monthly charge shall be not less than $3,000. 

a. Calculate the monthly bill for energy consumed of 420,000 kwhr with a max ill HI III 
demand of 2,000 kw. 

h. Calculate the bill for a maximum demand of 1,000 kw with the same total energyi 
34-2. A step meter rate is quoted in Table P-1. 

Table P-1 

Monthly consumption limits, kwhr 
0-100 
101-200 
201-300 
301 and up 

a. Calculate the monthly bill for 200 kwhr. 

b. Calculate the monthly bill for 201 kwhr. 

c. Find the range of kilowatthours at the beginning of each step at which tfi# 
monthly bill would be less than the bill for the maximum consumption in the pmctttMul 
step. 


Rate per kwhr, cents 

10 

9 

8 

7 


ENERGY RATES 


713 


34-3. A common form of residential rate appears as follows: 

First 10 kwhr per month or less at $1 

Next 40 kwhr per month at 7 cents per kilowatthour 

Next 50 kwhr per month at 5 cents per kilowatthour 

Next 100 kwhr per month at 3 cents per kilowatthour 

All kilowatthours in excess of 200 kwhr at 2 cents per kilowatthour 

a. Calculate the monthly bill for 8 kwhr consumption. 

b. Calculate the monthly bill for 85 kwhr consumption, 
r. Calculate the monthly bill for 300 kwhr consumption. 

<L Find the average unit cost of 1 kwhr for (a), (b), and (c). 
e. Identify the form of the rate. 

34-4. A form often used for commercial consumers of energy is stated as follows: 

1. A charge of $4 per month per kilowatthour of maximum demand 

2. Plus 6 cents per kilowatthour for the first 100 kwhr per month 

5 cents per kilowatthour for the next 200 kwhr per month 
3 cents per kilowatthour for the next 300 kwhr per month 
2 cents per kilowatthour for energy in excess of 600 kwhr 

3. Plus $2 per month 

Calculate the bill for a monthly consumption of 800 kwhr with a maximum demand 
of 5 kw. 
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Fig. 1. Mollier diagram of thermodynamic properties of steam. 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 2. Thermal conductivities of various steels (k = Btu per hr-sq ft-°F-in.). (Cour¬ 
tesy of National Tube Division^ United States Steel Corporation, Bulletin 26.) 



3. Thermal conductivities of refrac¬ 
tory brick (k - Btu per hr-sq ft-°F-in.). 
(Courletiy of C, L. Norton, Refractories for 
Every Use, (>hemical Engineering, June, 



Fig. 4. Thermal conductivities of insu¬ 
lating firebrick (k — Btu per hr-sq ft-°F- 
in,). (Courtesy of C, L. Norton, Refrac^ 
toriesfor Every Use, Chemical Engineering, 

r _ \ 































































































































































EQUIPMENT 



Steam accumulator 


fl 


- 

_I 


Steam-generating unit 



Closed heater or 
heat exchanger 


Condenser 


Steam turbine and 
condenser 


Steam engine or 
compressor 



Internal combustion 
engine 

Open heater 


“© 

AC generator 

“0 

DC generator 

0 

Motor 


Cooling tower 
VALVES 




Gate (open) * 

—Regulating 


Check 

Gate (closed)* 

Globe or throttle 

Reducing 

-<2)— 

Stop-check 

Cock 

Angle 

Relief 

-c3ci— 

Motor-operated 


PIPING 

' High-pressure steam 
' Intermediate-press, steam 


Exhaust or low-press, steam 

ACCESSORIES 

—-Expansion joint — F^J —Separator 

■ Desuperheater 

Trap 

Filter or strainer I'-' 


' Water 
Oil 
^ Air 


Pressure gage 
Thermometer 
Flowmeter 


* Filled-in triangles show any valve normally closed, outline triangles show it open. 
Fig. 5. Symbols suggested for use in power-plant heat-balance drawings. 
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Table 1, Thermodynamic Properties of Steam 
Dry saturated steam: pressure table" 


Aba. 

Temp., 

F 

Specific volume 

Enthalpy 

Entropy 

Internal 

energy 

Abs. 


Sat. 

Sat. 

Bat, 

Evap. 

Bat. 

Sat, 

Evap. 

Bai. 

Sat. 

Sat. 

press., 

[IRlQi 


liquid 

vapor 

liquid 

vapor 

liquid 

vapor 

liquid 

vapor 

PSIB 

P 

t 


% 

kf 

hfa 

Hb 


A/b 

Ad 

«/ 

t<e 

p 

l.Q 

101.74 

0.01014 

333.6 

69.70 

1036.3 

1106.0 

0.1330 

1.8450 

1.0782 

69.70 

1044,3 

1.0 

3.0 

120.08 

10.01023 

173.73 

93.90 

1022,2 

1116,2 

0,1749 

1,7451 

1.9200 

' 93.98 

1051.9 

2.0 

3,0 

141.48 

1O.OIOSQ 

118.71 

109.37 

1013.2 

1122.6 

0.2008 

1.0855 

I.8863 

109.36 

1056,7 

8.0 

4.0 

152,97 

Q.01636 

90,63 

120.86 

1006,4 

1127.3 

0,2193 

1.6427 

1.8626 

120.85 

1000.2 

4.0 

s.o 

162.24 

0.01640 

73.62 

130.13 

1001.0 

1131.1 

0.2347 

1.0094 

1.8441 

130.12 

1063,1 

5.0 

s.o 

170.06 

0.01645 

61.98 

1S7.96 

996.2 

1134,2 

0.2472 

1.6820 

1.8292 

137.94 

1005,4 

e.o 

7,0 

176.35 

0.01049 

53.64 

144.76 

992.1 

1156.9 

0.2661 

1.6586 

1.8107 

144.74 

1067.4 

7,0 

s.o 

132.86 

0.01053 

47.34 

150.79 

988.5 

1139.3 

0,2074 

1.5383 

1.8057 

160.77 

1069,2 

8.0 

9.0 

188.28 

0.01656 

42.40 

156.22 

085.2 

1141.4 

0.2750 

1.5203 

1,79G2 

156.19 

1070.8 

0.0 

10 

193.21 

0.01659 

38.42 

161.17 

982,1 

1143,3 

0.2835 

1.5041 

1.7876 

101,14 

1072.2 

10 

14.690 

212,00 

0.01672 

26.80 

180.07 

970. S 

1150.4 

0.3120 

1.4446 

1.7566 

180.02 

1077.6 

14,806 

16 

213.03 

0.01072 

26.29 

131.11 

900,7 

1150.8 

0.3135 

1.4415 

1.7540 

181,06 

1077.8 

15 

20 

227,90 

0.01083 

20.089 

106.16 

960.1 

1150,3 

0.335C 

1.3902 

1.7319 

190.10 

1081.9 

20 

26 

240,07 

0,01602 

16.303 

208.42 

952.1 

UCO.0 

0.3533 

1.3606 

1.7139 

208.34 

1085.1 

25 

30 

250.33 

0.01701 

13.746 

218.82 

945,3 

1104,1 

0.3080 

1.3313 

1.6993 

218,73 

1087.8 

80 

86 

259.28 

0,0170S 

11.898 

227.91 

939.2 

HG7.1 

0.3807 

1.3063 

1.6870 

227.80 

1090.1 

85 

40 

267.25 

0.01715 

10.498 

236.03 

933.7 

1109.7 

0.3919 

1.2844 

1.6703 

235,90 

1092.0 

40 

46 

274.44 

0.01721 

9.401 

243.30 

928.0 

1172.0 

0.4019 

1.2650 

1.6669 

243,22 

1093.7 

45 

60 

231.01 

0.01727 

8.515 

250.09 

934.0 

1174.1 

0.4110 

1.2474 

1.0585 

249.93 

1095.3 

50 

65 , 

237.07 

0.01732 

7.787 

256.30 

919,0 

1175.9 

0.4193 

1.2316 

1.6509 

256,12 

1096.7 

55 

60 ! 

293.71 

0.01733 

7.175 

262.09 

915.5 

1177.6 

0.4270 

1.216S 

1,6438 

261.90 

1097.9 

60 

66 

297.97 

0,01743 

6.655 

267.50 

911.6 

1179.1 

0.4342 

1.2032 

1.6374 

267,29 

1099-. 1 

65 

70 

302.92 

0.01748 

6.206 

272.61 

907.9 

1180.6 

0.4409 

1,190C 

1,6315 

272.38 

1100.2 

70 

76 

307,60 

0.01753 

5.816 

277.43 

904.5 

1181.9 

0.4472 

1.1787 

1.6259 

277.19 

1101.2 

75 

80 

312.03 

0.01757 

6.472 

282,02 

901.1 

1183.1 

0.4531 

1.1070 

1.6207 

281.76 

1102.1 

80 

86 

316.25 

0.01761 

6.168 

286,39 

897.8 

1184.2 

0.4587 

1.1571 

1,6168 

286.11 

1102.9 

85 

90 

320.27 

0.01766 

4.896 

290.56 

894.7 

1185.3 

0.4641 

1.1471 

1.6112 

290.27 

1103.7 

90 

96 

324.12 

0,01770 

4.652 

294.56 

891.7 

1186.2 

0.4692 

1.1370 

1.6008 

294.25 

1104.5 

95 

100 

327,81 

0,01774 

4.432 

298.40. 

888.8 

1187.2 

0.4740 

1.12S6 

1.603G 

298.08 

1105.2 

100 

110 

334.77 

0.01782 

4.049 

303,66 

883.2 

1188.9 

0,4832 

1.1117 

1.6948 

305.30 

1106.5 

110 

120 

341.25 

0.01780 

3.728 

312,44 

877.9 

1190.4 

0.4916 

1.0962 

1.5878 

312.05 

1107.6 

120 

130 

347.32 

0,01796 

3.455 

31g.Sl 

879.9 

1191.7 

0.4095 

1.0817 

1,6812 

318.33 

1108.6 

130 

140 

353.02 

0.01802 

3.220 

324,82 

868.2 

1193.0 

0.5069 

1.0082 

1.5761 

324.35 

1109.6 

140 

160 

358,42 

0.01809 

3.015 

330.51 

863.6 

1194.1 

0.5138 

1.0550 

1.5694 

330.01 

1110.5 

160 

160 

363.53 

0.01815 

2.834 

335,93 

859.2 

1195.1 

0.5204 

1.0436 

1.5040 

335,30 

1111.2 

160 

170 

368,41 

0.01822 

2.675 

341.09 

854.9 

1196.0 

0.5266 

1.0324 

1.5590 

340,52 

1111.9 

170 

180 

373.03 

0.01827 

2,632 

346.03 

850.8 

1106.9 

0.5325 

1.0217 

1.5542 

345.42 

1112.6 

180 

190 

377.51 

0.01833 

2,404 

350.79 

846.8 

1197.6 

0.5381 

l.OllG 

1.5407 

350,15 

1113.1 

190 

200 

331.79 

0.01839 

2.288 

355.36 

843.0 

1198.4 

0.5435 

1.0013 

1.5-453 

354.68 

1113.7 

200 

260 

400.95 

0,01865 

1.8438 

376,00 

835.1 

1201.1 

0.6675 

0.9588 

1.5263 

375.14 

1115.8 

260 

800 

417.33 

0.01890 

1.5433 

393.84 

809.0 

1202.8 

0.5S79 

0.9225 

1.6104 

392,79 

1117.1 

300 

860 

431.72 

0.01913 

1.3260 

409.69 

794.2 

1203.9 

0.6050 

0,8010 

1.4960 

408.45 

1118.0 

360 

400 

444.59 

0.0193 

1.1613 

424.0 

780,5 

1204.5 

0.6214 

0.8630 

1.4844 

422,6 

1118.5 

400 

460 

456.38 

0.0195 

1.0320 

437.2 

767.4 

1204.6 

0.6356 

0,837B 

1.4734 

435,5 

1118.7 

460 

600 

467.01 

0.0197 

0.9278 

449.4 

755.0 

1204,4 

0,6487 

0.8147 

1,4634 

447.6 

1118.6 

500 

660 

476.94 

0.0199 

0.8424 

460.8 

743,1 

1203.9 

0. GGoa' 

0,7934 

1.4542 

458.8 

1118.2 

650 

600 

436.21 

0.0201 

0.7698 

471.fi 

731.6 

1203.2 

0.6720 

0.7734 

1.4454 

469.4 

1117,7 

600 

660 

494.90 

0.0203 

0.70S3 

481.8 

720.5 

1202.3 

0.6826 

0,7548 

1.4374 

479.4 

1117.1 

660 

700 

503.10 

0.0205 

0.6554 

491.5 

709.7 

1201.2 

0.6925 

0.7371 

1,4296 

488,8 

111G.3 

700 

760 

510.86 

0,0207 

0.6092 

500. S 

699.2 

1200.0 

0.7019 

0,7204 

1,4223 

598.0 

1115.4 

760 

BOO 

518.23 

0.0209 

0.56S7 

509.7 

6S8.9 

1198.6 

0.7108 

0.7045 

1,4153 

506.6 

1114.4 

800 

860 

525.26 

0.0210 

0.5327 

518.3 

678.8 

1197.1 

0.7194 

0,GS91 

1.4085 

616.0 

1113.3 

860 

900 

531.98 

0.0212 

0.5006 

526.6 

608.8 

1105.4 

0.7275 

0.6744 

1.4020 

523.1 

1112.1 

900 

950 

533.43 

0.0214 

0.4717 

534.6 

659.1 

1193,7 

0.7355 

0.G602 

1.3057 

530.9 

1110.8 

960 

1000 

544.61 

0.0216 

0.4456 

542,4 

649.4 

1191.S 

0,7430 

0.6407 

1.3897 

538.4 

1109.4 

1000 

1100 

556.31 

0.0220 

0.4001 

557.4 

630.4 

1187.8 

0,7575 

0.6205 

1.3780 

552.9 

1106.4 

1100 

1200 

567,22 

0.0223 

0.3619 

371,7 

611.7 

1183.4 

0,7711 

0.6056 

1.3667 

566,7 

1103.0 

1200 

1800 

577.40 

0.0227 

0.3293 

585.4 

593.2 

1178.6 

0.7S40 

0.5719 

1.3559 

580.0 

1099.4 

1300 

1400 

5ST.10 

0.0231 

0.3012 

698.7 

674.7 

U73.4 

0.7963 

0.5491 

1.3454 

592,7 

1095.4 

1400 

1600 

596.23 

0.0235 

0.2705 

611.6 

556.3 

1167.9 

0.8082 

0.6269 

1.3351 

606.1 

1091,2 

1600 

2000 

035.82 

0.0257 

0.1878 

671.7 

463.4 

1135,1 

0.86X9 

0.4230 

1,2849 

662.2 

1065.6 

2000 

9600 

008.13 

0.0287 

0.1307 

0.0358 

730.6 

802.6 

300,5 

1091.1 

0.9126 

0.3197 

1.2322' 

717,3 

1030.6 

2500 

8000 

095.30 

0.0346 

217.8 

1020,3 

0,9731 

0,1885 

1.1015 

783.4 

972.7 

8000 

8906.8 

705.40 

0,0503 

0,0,503 

002.7 

0 

003,7 

1.0580 

0 

I.O.'jSO 

872,0 

872,9 

8206.1 


" At>rl(iu(Ml fr(Mri '*'IMiri-ttitxlynatiuo l^ropertioa of Steam" hy .lo8eT)li H. Keenan and Frederick O, 
Keyna, John Wiley A Hona, Iiic,, Now York, 1937. 
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Table 2. Thermodynamic Properties of Steam 
Dry saturated steam: temperature table* 


Temp., 

F 

t 

Abs. 

prc^., 

pain 

Specific volume 

Eutbalpy 

Entropy 

1 

Sat. 

liquid 

Evap. 

m 

vapor 

Vb 

Sat* 

liquid 

Evap- 

Bat* 

vapor 

Jiff 

Sat. 

liquid 

Sf 

Evap, 

^/o 

Sat. 

vapor 

Sfl 

32 

0.03854 

0.01602 

3306 

33U6 

0.00 

1076.8 

1075.8 1 

0,0000: 

2.1877 

2.1877 

35 

0 09995 

0.01602 

2947 

2947 

3*02 

1074.1 

1077.1■ 

0.0001 

2.1709 

2.1770 

40 

0 12170 

0.01602 

2444 

2444 

8.05 

1071.3 

1079.3 ■ 

0.0162 

2.1435 

2.1597 

45 

0.14752 

0.01602 

2036.4 

2036.4 

13.06 

1068.4 

1081.5 

0.0362 

2*1107 

2.1429 

60 

0.17811 

9.01603 

1703.2 

1703.3 

18*07 

1065.6 

1083.7 

0*0361 

2.0903 

2.1264 

60 

0 2563 

0.01604 

1206.6 

1206.7 

2B,06 

1059,9 

1088.0 

Q.0555 

3.0393 

3.0948 

70 

0 3631 

O.OIGOG 

867.8 

867.9 

38*04 

1054.3 

1092.3 

0.0745 

1.9902 

2,0647 

80 

0 50 B9 

0.01608 

633.1 

633.1 

48,02 

1048.6 

1096.0 

0.0932 

1.042G 

2.0300 

90 

0'0082 

0 01010 

468.0 

468.0 

57*99 

1042.9 

1100.9 

0,1115 

i.8972 

2.00S7 

100 

0.9492 

0.01613 

350.3 

350.4 

67.97 

1037.2 

1105.2 

0,1295 

1.8531 

1.9826 

110 

1 2748 

0.01617 

265.3 

265.4 

77.94 

1031.6 

1109.6 

0.1471 

1,8106 

1.9577 

120 

1 0924 

0.01G20 

203.25 

203.27 

87,92 

1025.8 

1113.7 

0*1645 

1.7694 

1*9339 

IM 

2 2225 

0.01025 

157,32 

157.34 

97.90 

1020.0 

1117.9 

0.1816 

1.7296 

1.9112 

140 

2 8886 

0,01620 

122.99 

123.01 

107,89 

1014.1 

1122.0 

0.1984 

1.6910 

1.8894, 

150 

3.718 

0,01654 

98.06 

97.07 

117.89 

1008.2 

1126.1 

0.3149 

1.6637 

1.8685 

160 

4 741 

0.01639 

77.27 

77.29 

127,89 

1002.3 

1130.3 

0.3311 

1.6174 

1.8485 

170 

.5 992 

0.01645 

62.04 

62.06 

137,90 

996.3 

1134.2 

0,2472 

1.5322 

1.8293 

160 ^ 

7 510 

0.01G51 

50.21 

50.23 

147.92 

990.2 

1138.1 

0.2630 

1,5480 

1.8109 

190 

9 339 

0.01657 

40.94 

40.96 

157.95 

984.1 

1142.0 

0,2785 

1.6147 

1*7932 

200 

11.526 

0.01663 

33.62 

33.64 

167.99 

977.9 

1145.9 

0*2938 

1.4824 

1,7762 

210 

14.123 

0.01670 

27.80 

27.82 

178.05 

971.6 

1149,7 

0.3090 

1*4508 

1,7598 

212 

14 696 

0.01672 

26.78 

26.80 

180,07 

970.3 

1150,4 

0.3120 

1.4440 

1,7566 

220 

17.186 

0.01077 

23.13 

23.15 

183.13 

965.2 

1153.4 

0.3239 

1.4201 

1.7440 

230 

20.780 

I0.01GS4 

19.366 

19.382 

198.23 

958.8 

1157.0 

0.3387 

1,3901 

1*7288 

240 

24.969 

0.01C92 

16.306 

16.323 

208*34 

952.2 

1160,5 

0,3531 

1.3609 

1.7140 

260 

29.825 

0,01700 

13.804 

13.821 

216,48 

945.6 

1164.0 

0,3675 

1.3323 

l.G‘J98 

260 

35 429 

0.01709 

11.746 

11.763 

228.64 

938.7 

1167.3 

0*3817 

1.3043 

1.6860 

270 

41!858 

0.01717 

10.044 

10.061 

233.84 

931.8 

1170.0 

0.3958 

1*2769 

1.6737 

280 

49 203 

0 01726 

8.628 

8.645 

249.06 

924,7 

1173.8 

0*4096 

1,2501 

1.6597 

290 

57 !556 

0,01735 

7.444 

7.461 

259.31 

917.5 

1176.8 

0.4234 

1*2238 

1*0472 

300 

67.013 

0.01746 

6.449 

6.466 

269*69 

910.1 

1179.7 

0,4369 

1,1980 

1,6360 

310 

77 ! 68 

0.01755 

6.609 

5,626 

279*92 

902.6 

1182.6 

0.4504 

1.1727 

1.6231 

220 

89 ! 66 

0.01765 

4.896 

4.914 

290.28 

894.9 

1185.3 

0.4G37 

1.1478 

1.6115 

330 

103 06 

0.01776 

4.289 

4.307 

300*68 

887.0 

1187.7 

0.4769 

1.1233 

1*6002 

340 

iisiol 

0,01787 

3.770 

3.788 

311,13 

879.0 

1190.1 

0.4900 

1,0992 

1.6891 

350 

134.63 

0.01799 

3.324 

3.342 

321*63 

870.7 

1192,3 

0*6029 

1.0754 

1*5783 

360 

153!04 

0.01811 

2.939 

2.957 

332.18 

862.2 

1194.4 

0.6158 

1.0519 

1.5677 

370 

173*37 

0.01S23 

2.606 

2.625 

342,79 

853.5 

1196.3 

0*5286 

1.0287 

1 * 5573 

360 

195 77 

0 01836 

2.317 

2.335 

353.45 

844.6 

1198.1 

0.5413 

1*®S9 

1.5471 

390 

220 !37 

0.01850 

2.0651 

2.0836 

364.17 

835.4 

1199.6 

0*6539 

0.9832 

1.5371 

400 

247.31 

0 01864 

1,8447 

1,8633 

374.97 

826.0 

1201.0 

0.5664 

0*9608 

1*6372 

- 4]_o 

276 [75 

0 01878 

1.6513 

1,6700 

385.83 

816.3 

1202.1 

0.5783 

0.9386 

1.6174 

420 

308!83 

0.01894 

1.4811 

1,6000 

396.77 

806.3 

1203,1 

0.5912 

O. 916 G 

1.6078 

430 

343 72 

0 01910 

1.3308 

1.3199 

407*79 

796.0 

1203.S 

0.6035 

0.S947 

1.4982 

440 

381!59 

0 !! 01926 

1.1979 

1.2171 

418.90 

785.4 

1204,3 

0.6158 

0.8730 

1.4887 

460 

422.6 

0.0194 

1.0799 

1.0993 

430.1 

774.5 

1204.6 

0*6280 

0.8513 

1.4793 

460 

466! 9 

0.0196 

0.9748 

0.9944 

441.4 

763.2 

1204.6 

0.6403 

0*8298 

1 .4700 

470 

514 ! 7 

0.0198 

0.8811 

0,9009 

163,8 

751.5 

1204.3 

0*6523 

0,8083 

1 * 4606 

480 

566* 1 

0 0200 

0.7972 

0.8172 

464.4 

739.4 

1203.7 

0.6G45 

Q,7868 

1.4513 

490 

621 !4 

0.0202 

0.7221 

0.7423 

470.0 

726.8 

1202.8 

0,6766 

0.7053 

1,4419 

600 

680.8 

0.0204 

0.6546 

0.6749 

487.8 

713.9 

1201.7 

0.6887 

0.7438 

i 1.4335 

G20 

812! 4 

0 0209 

0.5385 

0,5594 

511*9 

686.4 

1198.2 

0*7130 

0.7006 

1 1.4136 

540 

962 is 

0 0215 

0.4434 

0.4649 

1 536.6 

656. e 

1193.2 

0.7374 

0*656S 

: 1 * 3942 

530 

1133!i 

0.0221 

0.3647 

0.3868 

; 562.2 

624.2 

1186,4 

0*7621 

0.6121 

1.3742 

680 

1325.8 

0.0228 

0.2989 

0.3217 

588.9 

588.4 

1177.3 

0.7873 

! 0*5659 

1 1.3533 

600 

1542.9 

0,0236 

0.2432 

0.2668 

: 617.0 

548,5 

1165.5 

0.8131 

0,5176 

i 1*3307 

620 

1786.6 

0.0247 

0.1955 

0.2201 

646.7 

603,6 

1150.3 

0,8398 

i0.4664 

1,3062 

640 

2059.7 

0.0260 

0 . 153 a 

0.179? 

^ 678*6 

452, C 

1130.6 

. 0.8670 

f 0.411C 

\ 1.2780 

650 

^365 4 

0 0278 

0.116S 

0.1442 

!714,3 

390.2 

1104.4 

O.S9S7 

0.3485 

; 1 .2472 

630 

2708!1 

0.0305 

0.081C 

0.111^ 

1767,3 

309.9 

1 1067.2 

10,9351 

0.2719 

\ 1.2071 

700 

3093.7 

0.0369 

0.0392 

0.0761 

. 823,3 

172.1 

095.4 

0.990S 

;0.14fl4 

i 1,1389 

706.4 

3906.2 

0.0503 

0 

0,0503 

f902.7 

0 

902.7 

1.058C 

1 0 

1*0680 


32 

38 

40 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

160 

190 

200 

210 

212 

220 

280 

240 

200 

260 

270 

280 

290 

300 

310 

320 

330 

340 

850 

860 

870 

880 

890 

400 

410 

420 

480 

440 

12 

470 

480 

490 

500 

020 

S2 


(110 

9 


700 


^ AbridKCfJ from "ThermodyiiHiuiic Prtj|iortieB of Steam, 
Keyes, John Wiley & Sons, Idc., New York, 11^37. 
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Table 3. Thermodynamic Properties of Steam 
Superheated-steam table® 


(sat. temp.) 

200 

300 

400 

600 

600 

700 

aoo 

900 

UNO 

im 

1200 

1400 

1600 


1 . 

392. C 

L 152*3 

E 513.0 

1 571*fi 

; 631,2 

r 090*8 

i 750.4 

; 809.C 

1 869*£ 

i 929.1 

9S3.7 

' 1107.S 

i 1227.0 

1 

A... . , 

1150.4 

1 1195.? 

i 1241.7 

1288.3 

1 1336,7 

1383.? 

: 1432 ? 

i 1482.7 

1533,£ 

i 1585.2 

: 1037*7 

^ 1745*7 

^ 1857.6 

(101.74) 

s . 

3.0511 

r 2 . 115 a 

t 2.3720 

2.2235 

[ 2*2702 

: 2,3137 

2*3542 

S2,3923 

1 2.4263 

i 2.462a 

. 2.4052 

! 2.550? 

i 2*0137 


t. 

78. le 

1 90.2S 

i 102.28 

114,22 

! m.ic 

] 138*10 

1 150.03 

; 101.95 

1173.87 

' 105,79 

' 197,71 

. 221.fl 

t 245.4 

5 

h., . 

1143,? 

i1195.C 

i 1241.2 

1 1283.C 

» 1335.4 

: 1383,6 

.1432*7 

14S2*0 

1535.4 

1585.1 

1637.7 

1745.7 

1867,4 

(162,34) 

s.*. 

i.S7ie 

i 1.937C 

i 1.9942 

: 2,045C 

i 2*0927 

2.1301 

2,1767 

2.2148 

1 2.2509 

1 2.2851 

2.317? 

; 2*3792 

12.4363 


V.,,.. . 

38.85 

. 45 . 0 c 

y 51.04 

57.05 

i 63.03 

69.01 

74*98 

1 80.95 

i 86.92 

! 92.8? 

; 99,84 

[ 110.77 

122*09 

10 

h . 


. 1193.0 

11240 6 

1297.5 

i 1335*1 

1383,4 

1132.5 

1482.4 

1533.2 

: 1585.C 

1 1037,6 

» 1745*6 

t1857,3 

(193.21) 

s . 

1.7027 

1.8595 

1.9172 

1,9689 

1 2,0160 

1 3.0596 

2.1002 

: 2.1383 

2.1744 

2.2086 

. 2,2413 

1 2,3029 

i2*3698 

14.606 

1'. * ., -. 

ft*. _ 


3Q.53 

mz.E 

34.68 
1 1239*9 

38*78 

1237.1 

: 43*80 
1334,8 

40.91 
■ 1383.2 

5i.OO 

1432.3 

55.07 

1482*3 

59.13 

1553.1 

63.19 

1584.8 

‘ 67,25 
1637*5 

1 75*37 
,1745.6 

' 83*48 

11867.3 

(212*00) 

a.. 


LSIOQ 

1 1*8743 

1*9361 

1*9734 

2.0170 

2.0576 

■2*0958 

2.1310 

2*1002 

2*1980 

f2*2603 

2.3174 

30 

11.,... .. 

ft. 


23*36 

1101,6 

25,43 

1239.2 

28.40 

1293*6 

31.47 

1334*4 

34.47 

13S2.9 

37.46 

1432,1 

40*45 

1482*1 

43.44 

1053*0 

40.42 

1684.7 

40*41 

1637*4 

65.37 

1745*4 

61.34 

1857.2 

(227. M) 

i .. 


i.7803 

1.8390 

1*8918 

1,9392 

1.9829 

2*0235 

2*0618 

2.0978 

2.1321 

2*1648 

l[2,2263 

2.2834 


r.. . * 


11.040 

12*628 

14*108 

15*688 

17.198 

18.702 

20,20 

21.70 

23,20 

' 24,69 

27*68 

30.60 

40 

A. 


1186.8 

1236.6 

1384*8 

1333.1 

1381.9 

1431.3 

1481*4 

1532.4 

1534*3 

1037*0 

1 1745,1 

1857.0 

{267,26} 

#. 


1.6994 

1.7C0S 

1.8140 

1.8010 

1*9058 

1.9467 

1-9850 

2*0212 

2*0555 

2.0883 

2*1498 

2.2009 


ti.*. 


7*269 

S.357 

9,403 

10.427 

11.441 

12.449 

13*452 

14*454 

15.453 

16*461 

18.440 

20.44 

GO 

(293.71) 

ft. 

9 . 


11S1.6 

1.6492 

1233.6 

1.7135 

1233.0 

1.7678 

1331*8 

L8162 

1380.0 

1.8605 

1430,5 

1.6015 

1480*8 

1.9400 

mi.g 

1.0752 

1693*8 

2.0106 

1630.6 

2.0434 

1744*8 

2.1040 

1856.7 

2.1621 

00 

(312,1^) 

II. 

A. 

1 ... 



6.220 

1230.7 

1*6791 

7.020 

1281.1 

1*7346 

7.797 

1330.5 

1.7330 

8.562 

1379*9 

1*8231 

9 322 
1429.7 
1.8094 

10,077 

1480.1 

1.9079 

10*830 

1531.3 

1*9442 

11,582 

1583.4 

1.9707 

12.332 

1036*2 

2*0115 

13*830 

1744,5 

2*0731 

15.325 

1856.5 

2.1303 

100 

w.. 

h . 



4,937 

1237.6 

6*589 
1379.i 

0.318 

1329.1 

6.835 

1378.9 

7*440 

H2S.9 

8.052 

1479.5, 

8.650 

1630.8 

9.259 

1582.9 

9.860 

1630.7 

11,060 

1744*2 

12.258 

1856,2 

(327. &1) 

n . 



1.0518 

E7086 

1*7581 

1.8029 

1.8443 

1*8829 

1.9195 

1.9538 

1.0SG7 

2*0484 

2.1056 

130 

(341.35) 

5 .- — . 
A,. 

... 



4,081 

1224*4 

1.6287 

4.636 

1277.2 

1-6850 

5*105 

1327,7 

1.7370 

5.683 

1377.8 

1.7822 

6*195 

1428.1 

1,8237 

0.702 

1478*8 

1*8626 

7,207 

1530*2 

1*8960 

7.710 

15S2*4 

1.9335 

8.212 

1035*3 

1*9604 

9.214 
1743,9 
2.0281 

10,213 

1856.0 

2.0854 


V . 



3.468 

3,954 

4.413 

4.861 

5.301 

5.738 

0.172 

6*004 

7*035 

7.895 

8.762 

m 

{353.92) 

h .- 

n. 



1221*1 

1.6087 

1375.2 

1.6683 

1326*4 

1.7190 

1370.8 

1*7045 

1427.3 

I.B0G3 

1478*2 

1*8451 

1520.7 
I.8817 

1581.9 

1.9163 

1634*9 

1*9493 

1743.5 

2,0110 

1855.7 

2.0683 


II.. 



3.008 

a. 443 

5*849 

4.244 

4.031 

6.015 

5.300 

5*775 

6.152 

0.900 

7.656 

160 

ft. 



1217.6 

1273.1 

1325*0 

1375.7 

1426*4 

1477.5 

1529,1 

1581.4 

1634*0 

1743*2 

1855.6 

(303.63) 

s . 



L5908 

1*0619 

1,7033 

1.7491 

1.7911 

1.8301 

1,8067 

1.0OH 

1.9344 

1.9062 

2.0535 

180 

TJ.. ..* 

h. . 



3,049 

1214.0 

3*044 

1271.0 

3.411 

1323.5 

3.764 

1374.7 

4.110 

1425.6 

4 452 
1476.8 

4.792 

1528.6 

5.129 

1581*0 

5*460 

1C34.1 

6.136 

1742,9 

6.804 

1855.2 

(373.96) 

.. * 



1.574S 

1.6373 

1.6S94 

1.7355 

Eme 

1*8167 

1.5S34 

l.fiS82 

1*9212 

1.9831 

' 2 .0404 

200 

u. 

ft. 



2*361 

1210*3 

2.726 

1208*9 

5.060 

1322*1 

a *380 
1373.0 

3.693 

1424,8 

4.002 

1470,2 

4.399 
1528,0 

4*613' 
1580.S 

4*917 

1633.7 

5.521 

1742.6 

' 6.123 
1855,0 

(381.79) 

t ... 



1,5694 

1,6340, 

1.6767 

1.7232 

1,7655 

L.8048 

1,8415 

1.8703 

1.9094 

1.9713 

2.0287 

320 

f. 



2.135 

2,465 

2,772 

3*060 

5.352 

3.634 

3.915 

4*191 

4.407 

5*017 

5.565 

A.. . 



1306.6 

1360.7 

1320.7 

1372.0 

1424.0 

1476.6 

1527.5 

1580*0 

1033,3 

1742.3 

1854*7 

(389.86) 

5.... . 



1.5453 

1.6117 

1*0052 

1*7120 

1.7545 

1,7059 

1*8508 

1.8650 

1*89S7 

1.0607 

2,0181 

uo 

1).- - 
ft. 



1*9276 

1302.6 

3,247 

1204.5 

2.533 

1319*3 

1371*5 

5*068 

1423,2 

3*327 

1474,8 

3.684 

1530.9 

3.839 

1579.6 

4.093 

1032.9 

4*597 

1742.0 

5.100 

1854.6 

(397.37) 

.. 



1.5219 

1*6003 

1*6540 

1.7017 

1,7444 

1*7839 

1.8200 

1.8558 

1.8980 

1,9510 

2.0084 

3G0 

V . 

A. 




2,003 

1202.3 

2,330 

1317*7 

2.582 

1370,4 

2.827 

1422.3 

3.067 

1474*2 

5.506 

1520*5 

3.541 

1579*1 

3.770 

1632.5 

4.242 

1741.7 

4.707 
1854.2 

(404,42) 

«... 




1.5897 

1.0447 

1*6932 

1.7352 

1,7748 

1.8118 

1.8467 

L8799 

1.0420 

1.9995 

380 

jr. 

ft.. . 




1.9047 

1260,0 

2.156 

1510.2 

2,592 

1309.4 

2.621 

1421.5 

3.845 

1475.5 

3,006 

1525*8 

3*290 

1578,6 

3*504 

1632.1 

3*93S 

1741.4 

4.370 

1854.0 

(411.05) 

i. . 



!!!!!!,] 

L,670a 

1*6354 

1.0834 : 

1.7265 

1.7662 

1.S033 

1.S333 

1.S7I6 

1.9337 

1.0912 

800 

(417*33) 

ISO 

f. 

A. 

a.,. 

If*.. 

ft. 



.i 

.. ] 

__] 

l.707o 

1257.0 

1.6701 

1.4923 

1251,5 

2.005 

1314.7: 

1*6268j 

1.7036 1 
1310,9 1 

2.327 
1308,3 : 
t.6751 : 
[,8080 
[365*5 : 

2.442 
1420.6 : 
1.71S4 
2*084 
NI8,5 : 

2,652 
1472*8 : 
1*7582 : 
3.206 
1471.1 i 

2.859 
1525.2 
1.7954 : 
3.445 
1523*8] 

3.005 

1578*1 

Lfi305 

2*622 

1577*0 

3.209 

1031.7 
1,8038 
2*798 

1630.7 

3*674 

1741*0 

1,9260 

3*147 

1740*3 

4.078 

1853.7 

1.9835 

3.493 

1853.1 

(131.73) 

s. 



.] 

I.54S1 

L.6070 ] 

[.6503: 

1,7002 J 

[-7403 ] 

1,7777] 

[.8130: 

1.8463 

1*9086 

1.9663 

400 

u. * .. 



.. 1 

.j 

[.2851 ] 
[315,1 1 

1*4770 i 
1300.9 ] 

[.osoe : 
1362.7: 

L8161 1 
[416,4 1 

[,9707 
[469.4 ] 

2.134 
[522.4 ] 

2.290 
1575.0 ; 

2*445 

1029.6 

2.761 

1739.5 

3*055 

1852*5 

(444.60) 

.1, 



. 1 

[-5281 1 

[.68941] 

[.6398 : 

1,6842] 

t.7247 ] 

[,7023 1 

1.7977 : 

1.8311! 

1 8930 

l.95ia 


® Abridged from "Thermodynamic Properties of Steam," by Joseph H. Keenan and Frederick G. Keyes, John Wiley 
& Sons, Inc., New York, 1937. 
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APF^INBIX 


Table 3* Thurmobynamic Properties of Si’Bam {Continued) 
Superheated-steam table® 


Ads^ peia 

(sat I temp,) 

600 

660 1 

600 

£26 

640 

6«Q 

At3m\ 

m 

-1 , 

700 

m 

too 

loot 

1200 

X4IW 

Itiit 


t,. 


i.mi 

1.2155 

1,3005 

1.3332 

1.3662 

1.3067 

1,42J8 

1.4584 

1.6074 

1.7510 

1,0920 

2.170 

2.443 

2.714 

ISO 



ms.4 

1272.0 

1302.8 

1314-6 

1326.2 

1387.5 

1343.0 

1359.0 

1414.3 

1467.7 

1621.0 

1023.0 

1733.7 

1851.9 

(m.m 

t.. 


i.m5 

1,6437 

L6736 

1.6846 

i,5951 

1,6054 

t.6163 

1.625D 

1.6009 

1,710S 

1.7480 

i.am 

i.eaoa 

1.9381 


p.. 


0.9927 

l.OSflO 

1.1691 

1.1893 

1.2188 

1,2178' 

1.2763 

1 3044 

1.4405 

1,5715 

1.6996 

1,9504 

2.197 

2.443 

m 

5. 


mi.3 

1260,8 

1290.6 

1310.7 

1322.6 

1334.2 

1346.7 

1357,0 

1412.1 

1466.0 

1610.0 

1027.0 

1737.9 

1351,8 

(457.Ql) 

t.. 


1.4919 

1,6280 

1.65B8 

1.6701 

1,6810 

1,6915 

1.6016 

1.5116 

I.657i 

1,69S2 

1.7303 

L6066 

1.0683 

1.9263 


1,. 


0.SS53 

0,0686 

1.0431 

1.0714 

1,0989 

1,1259 

1.1623 

1.1783 

1,3038 

1.4241 

1,5414 

1,7706 

1,9957 

2,210 

m 

h. 


1223.7 

1261,2 

1294.3 

1306.8 

1318,9 

1330.8 

1342.6 

1364.0 

1400.9 

1454.3 

1518.2 

1620.6 

1737,1 

1050.6 

(47fl,94) 

t*. 


1.47S1 

1.6131 

1.5461 

1,6568 

1,6680 

1,6787 

1.5890 

1.5991 

1.0452 

1,6868 

1.7260 

1,7946 

1.8676 

1.9165 


t., 


0.7047 

0,8753 

0.9463 

0.9729 

0.9988 

1.0241 

1.0409 

1.0732' 

1,1899 

1.3013 

1.4096 

1.6208 

1,8370 

2.033 

eoo 

A, 


1215.7 

1255.6 

1289.9 

1302.7 

1315,2 

1327,4 

1339.3 

1361.1 

1407.7 

1402.5 

1519,7 

1625.6 

1730,3 

1850.0 

[4S9.21) 

j. . 


1.4536 

1.4990 

1.5323 

1,6443 

1.6558 

1.56S7 

1.5773 

1.5875 

1,6343 

1.6762 

1.7147 

1,7846 

1,8476 

1,9066 


f. . 



0,7277 

0.7934 

0.8177 

0.8411 

0.8639 

0.0860 

0,9077 

1,0108 

1.10S2 

1.2024 

1.3863 

1.6641 

1,7406 

TtW 

A, 



1243.2 

1280.6 

1294,3 

1307.5 

1320.3 

1332.8 

1345.0 

1403.2 

1459.0 

1515.9 

1623.6 

1784.8 

184$.8 

(505.10) 

f,. 



1.4722 

1.6084 

1.6212 

1,5383 

1.5449 

1.5559 

1.5665 

1.6147 

1.6573 

1.0063 

1.766G 

1.0299 

1.8$SI 


p, - 



O.fllM 

0.6779 

0.7006 

0,7223 

0.7433 

0.7635 

0.7033 

0.8763 

0.9633 

1.0470 

1.2000 

1,3662 

1,6214 

too 

A. 



1229.8 

1270.7 

1286.4 

1299^ 

1312.9 

1325.9 

1338,6 

1398.6 

1465.4 

1511,0 

1621.4 

1733.3 

1847.5 

(Si8.23) 




1.4467 

1.4863 

1,6000 

1,5129 

1,5250 

1.6366 

1,6476 

1.5972 

1.0407 

1.6801 

1,7510 

1.8140 

1,8729 




0.6264 

0.6873 

0.6089 

9.6294 

0,6491 

O.060D 

0.6863! 

0.7716 

0.0506 

0.9262 

1.0714 

1.2124 

1.3609 

9CM 

A 



1216.0 

1260.1 

1276,9 

1290.9 

1305.1 

1318.0 

1332,1 

1303,9 

1451.8 

1500.1 

1019.3 

1731.0 

1040.3 

(531.98) 




1.4216 

1.4663 

1,4800 

1,4938 

1.5066 

1.6137 

1.6303 

1.5814 

1,0257 

1,0650 

1.7371 

1.8009 

1,8695 





0.4533 

0,5140 

0.6350 

0.6646 

0,6733 

0.5912 

0.6084 

0.6878 

0,7604 

0.8294 

0.9615 

1.0893 

1,2146 

yma 

A. 



1198,3 

1248.S 

1205,9 

1281.9 

1297,0 

1311.4 

1325,3 

1389.2 

1448.2 

1505.1 

1017.3 

1730.0 

1846,0 

(644,61) 

i.. 



1.3961 

1,4450 

1.4010 

1.4767 

1.4893 

1.5021 

1,5141 

1.5670 

1.6121 

1.0525 

1.7246 

1.7886 

1.8474 


9 




0.4532 

0.4738 

0.4929 

0.6110 

0.5201 

0.5445 

0.6191 

0.6866 

0.7603 

0.6716 

0.9886 

1.1031 

iioa 

A., 




1236.7 

1265,3 

1272.4 

1283,5 

1303.7 

1318.3 

1384.3 

H44.6 

1502 J 

1016.2 

1728,4 

1843,8 

(656,31) 

*r , 




1.4251 

1.4425 

1.4603 

1.4728 

1.4862 

1,4989 

1,5535 

1.6095 

1.6405 

1.7130 

1.7776 

1,8368 

P- - 




0,4016 

0.4322 

0.4410 

0.4606 

0.4752 

0.4909 

0,5617 

0.6260 

0.6843 

0.7967 

0.9045 

1.0101 

lAOO 

A.. 




1223.6 

1243,0 

1262.4 

1270.6 

1296,7 

1311,0 

1379.3 

1410.7 

1490.2 

1013.1 

1726.9 

1842.5 

(587,2a) 

a.. 




1.4062 

1,4243 

1.4413 

1,4568 

1,4710 

1.4843 

1.5409 

1.5870 

1.0298 

1.7025 

1.7672 

1.0263 


p,. 




0.8174 

0.3390 

0.3580 

0.3753 

0.3912 

0,4062 

0.4714 

0.5201 

0.6805 

0.6709 

0,7727 

0.0640 

1460 

h. 




1193.0 

me. 4 

1240.4 

1260,3 

1270.6 

1295.5 

1369.1 

1488.1 

1493,2 

1600 9 

1723.7 

1840,0 

(6S7J0) 

>-* 




1.3639 

1,3877 

1.4079 

1,4260 

1,4419 

1,4667 

1.6177 

1.5666 

1.0003 

1.6836 

1,7400 

1.0088 

t.. 





0.2733 

0.2936 

0.3112 

0,3271 

0,3417 

0.4034 

0.4568 

0.5027 

0.5906 

0.6738 

0.7M5 

1600 

A, 





1187.8 

1215,2 

im,7 

1269,6 

1270.7 

1350.4 

1425.3 

1407,0 

1004,6 

1720,5 

1037.6 

(604 90) 

1. . 





1,3489 

1.3741 

1.3952 

1,4137 

1,4303 

1.4904 

1.5476 

1.5914 

1.60691 

1,7328 

1.7020 

f,. 






0.3407 

0.2667 

0,2760 

0.2907 

0.3503 

0.3906 

0.4421 

0,5218| 

0,5968 

0.6693 

1800 

A. 






1185.1 

mi.o 

1230.5 

1260.3 

1347,2 

1417.4 

1480.8 

1600.4; 

1717.3 

1035.0 

<621.03) 

t.. 






1,3377 

1,3033 

1,3055 

1.4044 

1.4765 

1,5301 

1.6752 

1,6620 

1,7105 

1.7700 

f.. 






0.1936 

0.2161 

0.2337 

0,2409 

0.3074 

0.3532 

0.39S5 

0.4068 

0,5552 

O.TOU 

31W0 

A.. 






1145.6 

1104.9 

1214.8 

1240.0 

1335.5 

1409,2 

1474.6 

1696.1 

1714.1 

1032.0 

(^6.S2) 

t. . 






1.2945 

l.S^ 

1,3664 

1.3703 

1.4576 

1,6139 

1,5603 

1,6304 

i.705S 

1.7660 


p,. 








0.1484 

0,1600 

0.3264 

0.2710 

0.3001 

0,3078 

0.4244 

0.4784 

im 

A, 








1132,3 

1176.8 

1303.6 

1387,8 

1463.4 1586.8 

1706.1 

1026.3 

(663.IS) 









1.2687 

1.3073 

1.4127 

1.4772 

1.6273 1.6088: 

1.6775 

1.7389 

p 









0,0984 

0.1760 

0,2159 

0.2470 0.3019 

0.3505 

0.8905 

3600 

A. 









1060.7 

1267,2 

1305.0 

1441.0 

1574.3 

1690.0 

1810.0 

(W5,36) 

t 









1,1966 

1.3690 

1,4439 

1.490-i 

1.5037 

1,6540 

1,7108 

p. - 










0.15^ 

0.1981 

0.2280 

0.2006 

0.3367 

0.3703 

3300.1 

A. 










1250.5 

1355,2 

1434.7 

1569.8 

1694.6 

1817.3 

(705.40) 

s 










1.3508 

1,4809 

1.4874 

1,5742 

1,5452 

i.Toao 

i 









0.0300 

0.1304 

0.1762 

0.2068 

0 2546 

0 2977 

0.3801 

1500 

A, 









780.5 

1224.9 

1340.7 

1421.6 

1563.3 

1689.0 

1013.5 


t,. 









0,9515 

1.3241 

1.4127 

1.4723 

1.6615 

1.6336 

1.6053 


p.. 









0.0287 

0.1053 

0.1462 

0,1743 

0.2192 

0.2601 

0,2943 

4D0D 

A. 









763.8 

1174,8 

1814,4 

1100.0 

1552.1 

1081.7 

10O7.S 


f.. 









0.9347 

1,2757 

1,8027 

1.4482 

1,6417 

1.6164 

1,6793 


f ,. 









0.0276 

0.0798 

0.1226 

0,1600 

0,1917 

0,2273 

0 2603 

4600 

A. 









753.6 

1113,6 

1280 5 

1380 4 

1540 8 

1073 6 

1800 9 


*.. 









0,9236 

1.2204 

1.8629 

1.4253 

1,6235 

1.5990 

1.5040 


#. . 









0 0268 

0 0693 

0 1036 

0.l3f® 

0,1090 

0 2027 

0.2329 

6000 

A, 









740.4 

1047,1 

1256 5 

1369 5 

1529 6 

1605 8 

1794 0 


t. . 









0.9152 

1,1522 

1.3231 

1.4034 

1,5066 

1.6830 

1,6490 


T. . 









0.0262 

0 0463 

0 08SO 

0 1143 

0 1616 

0 1826 

0 2100 

6500 

A. 









741.3 

085,0 

1224.1 

1319.3 

1510.2 

1057.0 

1708.1 


f. . 









0.9090 

1.1093 

1.2930 

1.3821 

1,4908 

1.E699 

leaoo 


* Abddaed fmm "Thermodynaiiiic Ptoptrtiee dI Sieauii'' by Joseph H. Keen^a aikd Fradmnk G. Keyes, John Wiley ft 


Table 4. Properties of Steam at ^High Pressures 

Abridged interim steam table® 


-KD-^ CO-^O 
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CO • CO 
Tt< h-GO 
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lOOOS Oi-HTt( t(ioOi-h 000-^ TjiOOl oooqoi 

CM ‘OS CO -CO (N O ‘(N !-( 'iH C<l ‘O ‘O 


tNOOX OS ICOS 


OO-^W OOX cq CO cO ost^os 


i-H .1:0 

ic M ^ 
rH t> lO 


OS -CO 00 


t'-^OS -^b-CD 0-^06 (N‘<1<CD 


COtNM 
l-H -O 
00 Os 

,-1 


OI>iO OSCOCD OOSCD ICCJSCO OOOtS O O 00 I>0510 


•(N -05 CO -CO 00 


•OS CD •« 


MOX 

O«C0 


COOO t>. tXM CO 


COOtH 
OS -O 
OCC w 


lOCOC^ -^OOl^- i-(OqiO COOOOO l>l>CO lOCON 


COiO<N cDiCiC »CTfC0 X-^CO «xt'- I> >- 


X(Nt-( t-oos LOOM 


■ 05 CD • M 
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The complete Interim Steam Table prepared by the Subcommittee on Interim Steam Tables of the ASME Power Division is available from the Order Depart- 
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APPENDIX 


Table 5. Thermodynamic Properties of Air (Temperature)® 


____ ■ 

T 

h 

' 

u 

t 

Itw 

^ 1 

T 

h 

Pr 

u 



400 

95 53 

0.4858 

68 11 

306.0 < 

J,52890 

890 

213.80 

8.081 

152.SO 

40.80 ( 

>72163 1 

410 

97.93 

0.6295 

69.82 

ZS6.S i 

D.53481 

900 

210 26 

8.411 

154.57 

39.64 ( 

>. 72438 ] 

420 

100 32 

0.5760 

71.62 

>i70.1 < 

0 64058 

910 

218.72 

8,752 

156 34 

38.52 ( 

). 72710 

430 

102 71 

0.6253 

73.23 

254.7 ( 

9,54621 

920 

221.18 

9.102 

158.12 

37.44 { 

1.72979 

440 

105 11 

0,6776 

74.93 

240 0 < 

0.56172 

930 

223,64 

0.463 

159.89 

36.41 { 

>.73246 ' 

450 

107.50 

0.7329 

70.66 

227.45 < 

0.65710 

940 

226.11 

0.834 

161,08 

35,41 ( 

}.73500 

460 

109.90 

0.7913 

78.36 

215.33 ^ 

0.66236 

950 

228,58 

10.216 

163.40 

34.45 1 

3.73771 1 

470 

112 30 

0.8531 

80 07 

204,08 1 

0.56751 

960 

231 06 

10.610 

165.20 

33.52 i 

a.74030 

480 

114.69 

0.9182 

81.77 

193,65 1 

D.67255 

970 

233.53 

11.014 

167 05 

32.63 1 

J.74287 

490 

117.08 

0.9868 

83.49 

183.94 1 

0,57749 

980 

236.02 

11.430 

168.63 

31.76 1 

[), 74540 j 

500 

119.48 

1.0590 

85.20 

174.90 1 

0.58233 

990 

238.50 

11.858 

170.03 

30.92 ) 

D.74793 j 

510 

121.87 

1.1349 

86.92 

166.46 

0.58707 

1000 

240.98 

12.298 

172.43 

30.12 i 

0,75042 1 

520 

124 27 

1.2147 

sa,62 

158.58 

0.69173 

1010 

243.4S 

12.751 

174.24 

29.34 ^ 

0.75290 

.530 

126.66 

1.2983 

90.34 

151 22 

0.69030 

1020 

245.97 

13.215 

176.04 

28.59 1 

0.76530 

540 

129.00 

1.3860 

92,04 

144 32 

0.60078 

1030 

248.45 

13.692 

177.64 

27.87 1 

0.75778 

550 

131 46 

1.4779 

93.76 

137.85 

0,60618 

1040 

250.95 

14.182 

179,00 

27.17 ' 

D. 76019 

560 

133,86 

1.6742 

95.47 

131.78 

0,00950; 

1050 

253.45 

14.686 

181.47 

26.48 

0.76250 

570 

136.26 

1.6748 

97.19 

126.08 

0.01376 

1060 

255.06 

15.203 

183 29 

25.82 

0.76406 

580 

138.06 

1.7800 

98.90 

120,70 

0.61793 

1070 

258.47 

15.734 

185.10 

25.19 

0.76732 

590 

141.06 

1.8899 

100.62 

115.65 

0.62204 

1080 

200,07 

16.278 ’ 

186.93 

24.58 

0,76064 

600 

143.47 

2.005 

102.34 

110.88 

0.02007 

1090 

263.48 

16.838 

188.76 

23.98 

0 77106 

610 

145.88 

2.124 

104.06 

106.38 

0.03005 

1100 

205-99 

17.413 

190.58 

23.40 

0.77426 

620 

148.28 

2.249 

105 78 

102.12- 

0.03395 

1110 

208.52 

18.000 

192.41 

22.84 

0.77664 

630 

150.68 

2.379 

107.50 

98 11 

0 63781 

1120 

271.03 

18.604 

194.25 

22.30 

0.77880 

640 

153.09 

2.514 

109 21 

94.30 

0,64159 

1130 

273.56 

19.223 

196.09 

21.78 

0.78104 

650 

155 - 50 

2.655 

110.94 

90.69 

0-64533 

1140 

270.08 

19.858 

197.94 

21.27 

0.78320 

660 

157.92 

2.801 

112.67 

87.27 

0.64902 

1150 

278.61 

20.61 

199.78 

20.771 

0.78548 

670 

160 33 

2.953 

114.40 

84.03 

0,65263 

1160 

281,14 

21.18 

201.63 

20.293 

0.78707 

680 

162.73 

3.111 

116.12 

80,96 

0.65021 

1170' 

283.08 

21.86 

203.49 

19.828 

0,78986 

690 

165 15 

3.276 

117.85 

78.03 

0,65973 

1180 

280.21 

22.56 

205.38 

19.377 

O.T02OI 

700 

167 56 

3.446 

119.68 

75.25 

0.66321 

1190 

288.76 

23.28 

207.19 

18.940 

0.79416 

710 

169 98 

3.623 

121.32 

72,60 

0.66664 

1200 

291.30 

24.01 

209,05 

18 514 

0 79026 

720 

172 39 

3.806 

123 04 

70.07 

0 67002 

1210 

293,86 

24.76 

210.92 

18.102 

0.79840 

730 

174.82 

3.996 

124.78 

67.67 

0.6733^ 

1220 

290.41 

25.53 

212.78 

17.700 

0.8DQ5O 

740 

177.23 

4.193 

126.51 

65.38 

0.67665 

1230 

298.96 

26.32 

214.05 

17.311 

0 80266 

750 

179.66 

4.396 

128.25 

63.20 

0.67991 

1240 

301.52 

27.13 

216.53 

16.932 

0.80406 

760 

182.08 

4.607 

129.99 

61.10 

0.68312 

1250 

304.08 

27.96 

218.4C 

1 16.563 

0,80073 

770 

184.51 

4.826 

131.73 

59.11 

0.03621) 

1260 

306.65 

28.80 

220.26 

i 16.205 

0.80876 

780 

186,94 

5.051 

133.47 

57.20 

0.68942 

! 1270 

309.22 

1 29.67 

222.le 

1 15.857 

0.81079 

790 

189.38 

L 5.285 

135.22 

1 55.38 

0.69251 

1280 

311.79 

^ 30.55 

224.0£ 

i 15.518 

0.81280 

800 

191.81 

6.526 

^136.97 

' 53.63 

0 69558 

; 1290 

314,31 

) 31.46 

225.92 

t 15.189 

0.81481 

810 

104.2£ 

i 6.775 

138.72 

! 51.96 

0.69S6C 

) 1300 

316.9^ 

; 32.39 

227,85 

[ 14.868 

0.81080 

820 

196,6f 

i 6.033 

140.47 

' 50.35 

0.7016C 

) 1310 

319.63 

1 33.34 

229.75 

S 14.557 

0.81878 

830 

199. 

1 6.299 

142.22 

! 48.81 

0.7045G 

i 1320 

322.11 

[ 34.31 

231.05 

1 14 253 

0.82076 

840 

201.5( 

i 6.673 

143,9S 

i 47.34 

0.70741 

^ 1330 

324 61 

) 35 30 

233 5: 

1 13.958 

0.82370 

850 

1 204. o: 

1 6.856 

145.7^ 

L 45.92 

0 71031 

r 1340 

327.2^ 

) 36 31 

235.45 

J 13.670 

0.82404 

860 

1 206.41 

3 7.149 

147.5( 

D 44.57 

0 7132J 

t 1350 

329. 

i 37.35 

237 3^ 

L 13.391 

0.82058 

870 

1 208.9^ 

D 7.450 

149 2: 

7 43 26 

0 7160< 

1 1300 

332.4^ 

; 38.41 

239, 2i 

5 13 118 

0 B284S 

88C 

1 211.3; 

5 7.761 

151. o; 

2 42.01 

0.71881 

5 1370 

335.01 

} 39.40 

241. r, 

r 12 861 

0 S3QS9 


i 
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Table 5. Thermodynamic Properties op Air (Temperature)® {Continued) 


T 


pr 

u 

Wf 


T 

h 

Pr 

u 

»r 


1380 

337.6S 

40.59 

243.U8 

12.593 

a.83229 

2500 

645.7S 

435.7 

474.40 

2.125 

0.99497 

1390 

340.29 

41.73 

245.00 

12.340 

0 83417 

2000 

674.49 

513.5 

496.20 

1.8766 

1.00623 

1400 

342.90 

42.88 

246.93 

12,095 

0.83004 

2700 

703.35 

601.9 

518.26 

1.6617 

1.01712 

1410 

345.52 

44.06 

248.86 

11.855 

0.83790 

2800 

732.33 

702.0 

540.40 

1.4775 

1.02767 

1420 

348.14 

45.26 

250.79 

11.622 

0.83975 

2900 

761.45 

814.8 

562.60 

1.3184 

1.03788 

1430 

350.75 

46.49 

252.72 

11.394 

0.84158 

3000 

790.68 

941.4 

585.04 

1.1803 

1.04779 

1440 

353.37 

47.75 

264 66; 

11.172 

0.84341 

3100 

820.03 

1083.4 

607.63 

1.0600 

1.06741 

1450 

356.00 

49.03 

266.00 

10.954 

0.84523 

3200 

849.48 

1241.7 

630.12 

0.9546 

1.06676 

1460 

358.63 

50.34 

268.54 

10.743 

0.8470413300 

879.02 

1418.0 

652.81 

0.8621 

1.07585 

1470 

361.27 

51.68 

260.49 

10.637 

0.84884 

S400 

908.66 

1613.2 

675.60 

0.7807 

1.08470 

1480 

363.80 

53.04 

262.44 

10.336 

0,8500213500 

938.40 

1829.3 

698.48 

0.7087 

1.09332 

1490 

366.53 

54.43 

264.38 

10.140 

0.85239 

3000 

968.21 

2067.9 

721.44 

0.6449 

1.10172 

1500 

369.17 

56.86 

266.34 

9.948 

0.8541G 

3700 

998.11 

2330.3 

744.48 

0.5882 

1.10991 

1550 

382.42 

63 .'40 

276.17 

9.056 

0.80285 

3800 

1028.09 

2618.4 

767.00 

0.6376 

1.11791 

1600 

395.74 

71.73 

286.00 

8.263 

0.87130 

3900 

1058.14 

2934.4 

790.SO 

0.4923 

1.12571 

1650 

409.13 

80.80 

296.03 

7.556 

0,87954 

4000 

1088.26 

3280 

814.06 

0.4518 

1.13334 

1700 

422.59 

90.95 

306.06 

6.924 

0.88758 

4100 

1118.46 

3056 

837.40 

0.4154 

1.14079 

1750 

436.12 

101.98 

316 16 

6.357 

0.89542 

4200 

1148,72 

4067 

860.81 

0.3826 

1.14809 

1800 

449.71 

114.03 

326,32 

5.847 

0.90308 

4300 

1179.04 

4513 

884.23 

0.3529 

1.15522 

1850 

463.37 

127.18 

336.55 

5.388 

Q.91056 

4400 

1209 42 

4997 

907.81 

0.3262 

1.16221 

1900 

477.09 

141.51 

346 85 

4.974 

0,91788 

4500 

1239.86 

5521 

931.39 

0.3019 

1.16905 

1950 

490.88 

157.10 

357 20 

4.598 

0.92504 

4000 

1270 36 

0089 

955.04 

0.2799 

1.17575 

2000 

504.71 

174 00 

367.61 

4.258 

0.93205 

4700 

1300.02 

6701 

978.73 

0.2598 

1.18232 

2100 

532.56 

212.1 

388.00 

3.667 

0,04564 

4800 

1331.51 

7362 

1002.48 

0.2415 

1.18876 

2200 

560 59 

256 6 

409 78 

3,176 

0.95808 

4900 

1362.17 

8073 

1026.28 

0,2248 

1.19508 

2300 

2400 

588.82 

617.22 

308.1 

367.6 

431.16 
452.70 

2.765 

2.419 

0.97123 

0.98331 

5000 

1392.87 

8837 

1050,12 

0.2096 

1.20129 


° Reprinted with permisaion from Joaeph H. Keenan and Joaeph Kaye, Gae Tables, “Thermodynamic 
Properties of Air, Products of Combustion and Component Gases,” Copyright, 1948, John Wiley & Sons, 
Inc. 

Symbols and units: 

T = absolute temperature, °R 
h = enthalpy, Btu per lb 
j>T = relative pressure 
u = internal energy, Btu per lb 
Vt = relative volume 

= entropy at constant pressure = /cpCdT/T) 


Procedure for determining pressure, volumes, and changes in entropy of a process; 

For an arbitrary assigned pressure and temperature datum, the absolute pressure that corresponds 
to any temperature listed in the table for an isentropic condition may be computed from the correspond¬ 
ing relative pressures. 

For example, if the datum is that of standard conditions of 14.696 psia and 520 R, the pressure corre¬ 
sponding to a temperature, say 800 R, is 

pi, = p„ ^ = 14.696 X = 66.86 psia 


In a similar manner, the specific volume at 800 R is 

t)r6 


Vra 

53.37 X 520 


RTg Wrt 

144pa ^ Vra 




144 X 14.696 

The change of entropy between any two temperatures also involving changes in pressure may be com¬ 
puted thus; 

M — ai = — «#>i) — In — 

J pi 
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Table 6. Prope^ities of Refractories® 


Type 

Melting 
point, '^F 

Normal-use 
limit, °F 

Bulk density 1 
lb per cu ft 

Refractory brick: 

Alumina-silica 

Fire-clay base 

P'lrfst. mialitv . 

3090-3175 

2400-2700 

125-140 


3390-3425 

2800-3200 

172 

TfortlTn hn.HP . 

3190 

2800-2900 

135-145 

j^yllite base . 

3325-3350 

2900-3200 

150-160 

Kyanite base.. 

Silien ^standard) 

3250-3300 
- 3142 

2800-3000 

3000 

140-150 

100-105 

IVTp PTiesite (^burned). 

5070 

3000-4000 

160-165 

Chrome (burned) . 

3540-3990 

2800-3200 

185-190 

Forsterite . 

3461 

3000 

150-155 

Silicon carbide,. 

Dissociates 4080 

2800-3200 

155 

Fused aluminfi. 

3722 

3400 

175-195 

Zircon. . • • 

4532 

3400 

205 

y.i fnn-n 1Q ("s+.fl.hilized^ . 

4870 

4300 

275 

/Jll yo Ud P.-/XAAXJ••••■«**•<* 

{^oThno rirrP.Tihite^ . . . 

6330 

4000 

137 

V>£tl UVIX y^x * * - ... ■ 

Insulating firebrick: 

ASTM Group 16 . 


1600 

21-37 

A ftTlVT Gtoiiti - ■ - 


2000 

26-45 

ASTM Groun 23 . 


2300 

27-47 

ASTM GrouD 26 . 


2600 

43-64 

ASTM GrouD 28 . 


2800 

45-65 

. 


2900-3250 

52-81 

. 1 




“ Courtesy of C. L. Norton, Refractories f«r Every Use, abridged. Chemical Engi- 


neerinoj June, 1953. 
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Table 7. Thermal Conductivities of Insulating Materials® 
(fc = Btu per hr-sq ft-°F-ft) 


Material 


85 per cent magnesia pipe covering. 
Asbestos fiber, standard, pipe insula¬ 
tion and block. • * 

Diatomaceous-earth pipe covering. 
Mineral wool, molded pipe covering 

Cellular glass, pipe insulation. 

Air cell, pipe covering.; * ; 

Asbestos, laminated felts, pipe insu¬ 
lation and blocks. 


Temperature, °F 


lb per cu ft 

32 

70 

212 

500 

n 


0.034 

0.038 

0.048 

14 


0.027 

0.033 

0.050 

23 


0.040 

0.045 

0.053 

18 


0,033 

0.035 

0.035 

10 

0.027 

0.035 



9 


0.041 

0.046 


23 


0.033 

.1 

0.038 

0.047 


“ Courtesy of L. S. Marks, “Mechanical Engine 
Hill Book Company, Inc., New York, 1951; R. 


CIO -- , 

Thomas. Insulation for Heat and 


Table 8. Thermal Conductivities of Gases (Low Pressures)® 
(k = Btu per hr-sq ft-°F-ft) 


Temp, 

o-p 

Gas 

Air 

Nitrogen 

Oxygen 

Carbon 

dioxide 

Steam 

80 

0.015 

0.015 

0.015 

0.010 


260 

0.020 

0.019 

0.020 

0.014 

0.015 

440 

0.023 

0.023 

0.024 

0.019 

0.020 

620 

0.027 

0.027 

0.028 

0.024 

0.024 

800 

0.030 

0.030 


0.029 

0.029 

980 

0.033 

0.033 


0.032 

0.034 

1340 

0.039 

0.035 


0.039 


1700 


0.042 


0.045 


1880 




0.048 



Courtesy of J. Hilsenrath and Y. to. iouiouKiau, A tt ^ a 

(luctivity and Prandtl Numbers for Air, O2, N2, NO, H2, CO, CO2, H2 , e an 
ortf'i/t.fi'n.R Cff t.fhP, 1954. 
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Table 9. Thermal Conductivities of Miscellaneous Substances® 
(k = Btu per hr-sq ft-°F-ft) 


Material 

Temp, “F 

k 

Metals: 

Aluminum: 14S alloy (4.4% Cu, 0.8% Si, 0.75% Mn, 
0.35% Mg).. . . . 

200 

113 


400 

111 


600 

107 

Aluminum: 355 alloy (1.2% Cu, 5.0% Si, 0.5% Mg) 

200 

95 


400 

97 


600 

97 

Aluminum. 

64 

117 

• 

212 

119 

(Data for aluminum vary considerably owing to 
composition and treatment) 

Brass (61.5% Cu, 35.5% Zn, 3.0% Pb)... 

200 

67 


400 

73.5 


600 

80.5 

Copper. 

64 

224 


212 

218 

Inconel X.'. 

200 

9.1 


400 

10.4 


600 

11.7 


800 

13.0 


, 1000 

14.3 

Lead. 

1 64 

36 


212 

34 

Magnesium. 

32-212 

92 

Nickel. 

64 

36 


212 

34 

Tin. 

64 

36 


212 

34 

Zinc. 

64 

65 


212 

64 

rube and Plate Allpys: 

Red brass (85.0% Cu, 15.0% Zn). 

68 

92 

Muntz metal (60.0% Cu, 40.0% Zn). 

68 

71 

Admiralty metal (71.0% Cu, 28.0% Zn, 1.0% Sn, 
0.05% As). 

68 

64 

Naval brass (60.0% Cu, 39.25% Zn, 0.75% Sn). 

68 

67 

Manganese bronze (58.5% Cu, 39.2% Zn, 1.0% Fe, 
1.0% Sn, 0.3% Mn). 

68 

61 

Aluminum brass (Revalon) (76.0% Cu, 22.0% Zn, 
2.0% Al, 0.05% As). 

68 

58 

Aluminum bronze (95.0% Cu, 5.0% Al, 0.35% As).. 

68 

48 

Cupronickel (88.5% CIu, 10.0% Ni, 1.5% Fe). 

68 

27 

Cupronickel (70.0% Cu, 30.0% Ni). 

68 

17 
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Table 9. Thermal Conductivities of Miscellaneous Substances® 

(Continued) 

(k = Btu per hr-sq 


Material 


Various solids: 
Scale, boiler: 
Silicate. . . 
Sulfate. . . 
Cement..,. . 
Concrete: 
Cinder.... 

Stone. 

Corkboard-r. 

Glass. 

Limestone... 

Marble. 

Paper. 

Plaster. 

Rubber: 


Temp, °F 


Hard . ■ • 

100 

0.092 

Poff, .. 

86 

0.08 

Sandstone..* — 

104 

1.1 

Slate ... 

201 

0.86 

Woods (across grain): 



Balsa....-. ■ 

86 

0.03-0.048 

Cypress . 

86 

0.056 

. 


0.12 

White pine. 

59 

0.087 

Yellow pine .-. 


0.085 

Liquids: 

Gasoline . . .. 

86 

0.078 

Kerosene . 

68 

0.086 

M^ercury . 

82 

4.83 

Petroleum oils. 

86-212 

0.08 

Sodium . 

410 

46 

Water . 

32 

0.343 


100 

0.363 


200 

0.393 


300 

0.395 


420 

0.376 


620 

0.275 


570 

570 


86 


0.05-0.1 

0.34-1.34 

0.17 

0.167-0.42 
0.5-0.75 
0.025 
0.333-0.5 
0.3-0.75 
1 . 2 - 1.7 
0.075 
0.25-0.5 


“ Courtesy of L. S, Marks, ^'Mechanical Engineers' Handbook,” 5th ed., McGraw- 
Hill Book Company, Inc., New York, 1961; A. Schack, “Industrial Heat Transfer,” 
John Wiley & Sons, Inc., 1933; J. E. Evans, Jr,, Thermal Conductivity of Several Metals 
and Alloys, “Product Engmeering Handbook for 1955,” “Technical Information on 
Revere Copper and Copper Alloys,” Revere Copper and Brass, Inc.; W. H. 
McAdams, “Heat Transmission,” 3d cd., McGraw-Hill Book Company, Inc., New 
York, 1964. 
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Tabl.e 10. Viscosity of Liquids (Low Pressures)" 


^ = Ih per hr-ft) 


Temp, “F 

Liquid 

Water 

No. 6 
fuel oil 

No. 5 
fuel oil 

No. 2 
fuel oil 

Kerosene 

SAE 

30 oil 

SAE 

10 oil 

60 

2.735 


370 

8.8 

4.0 


340 

80 

2.178 


170 

6.7 

3.3 

480 

170 

100 

1.725 


81 

5.3 

2.8 

220 

88 

120 

1.452 

702 

48 

4.2 

2.4 

120 

55 

140 

1.185 

320 

30 

3 4 

2,1 

70 

36 

160 

0.967 

150 

20 

2.8 

1.8 

47 

29 

180 

0.823 

83 

-15 



32 

18 

200 

0.690 

50 

11 



23 

14 

220 

0.570 

34 

7.7 



18 

11 

240 

0.484 

20 

6.9 



13 

8.8 

260 

0.412 

14 






300 

0.314 







320 

0.266 








“ Courtesy of W. H. McAdams, “Heat Transmission,” 3d ed., McGraw-Hill Book 
Company, Inc., New York, 1954, and various commercial literature. 


Table 11. Viscosity of Gases (Low Pressures)" 
(^x = lb per,hr-ft) 


Temp, °F 

Gas 

Air 

NitrogSn 

Oxygen 

Carbon 

dioxide 

Steam 

80 

0.045 

0.043 

0.050 

0.036 

0.024 

260 

0.055 

0.053 

0.062 

0.047 

0.033 

440 

0.065 

0.062 

0.072 

0.056 

0.041 

620 ‘ 

0.073 

0.071 

0.082 

0.065 

0.050 

800 

0.081 

0.078 

0.091 

0.073 

0.059 

980 

0.088 

0.085 


0.080 

0.067 

1340 

0.101 

0.099 


0.094 


1700 

0.112 

0.112 


0.107 


1880 

0.117 

0.117 


0.113 



" Courtesy of J. Hilsenrath and Y. S. Touloukian, The Viscosity, Thermal Conduc¬ 
tivity and Prandtl Numbers for Air, O 2 , N 2 , NO, H 2 , CO, CO 2 , H 2 O, He and A, Trans¬ 
actions of the ASMEf 1954, 


APPENDIX 


731 


Table 12. Tube Dimensions by Birmingham Wire Gauge (BWG) 


r 

OD, in. 

Thickness 

ID, in. 

Bwg 

In. 

K (0.250) 

22 

0.028 

0.194 


24 

0.022 

0.206 


26 

0.018 

0.214 

Vs (0.375) 

18 

0.049 

0.277 


20 

0.035 

0.305 


22 

0.028 

0.319 

H (0.500) 

18 

0.049 

0.402 


20 

0.035 

0.430 

H (0.625) 

10 

0.134 

0.357 


12 

0.109 

0.407 


14 

0.083 

0.458 


16 

0.065 

0.495 

^ (0.750) 

10 

0.134 

0.482 


12 

0.109 

0.532 


14 

0.083 

0.584 


16 

0.065 

0.620 


18 

0.049 

0.652 

14 (0.875) 

10 

0.134 

0 607 


14 

0.083 

0.709 


16 

0.065 

0.745 


18 

0.049 

0.777 


20 

0.035 

0.805 

1.0 (1.000) 

10 

0.134 

0.732 


12 

0.109 

0.782 


14 

0.083 

0.834 


16 

0.065 

0.870 


18 

0.049 

0.902 

IH (1.250) 

10 

0.134 

0.982 


12 

0.109 

1,032 


14 

0.083 

1.084 


16 

0.065 

1.120 


18 

0.049 

1.152 

IH (1.500) 

10 

0.134 

1.232 


12 

0.109 

1.282 


14 

0.083 

1.334 


16 

0.065 

1.370 

2 (2.000) 

11 

0.120 

1.760 


13 

' 0.095 

1.810 

2>^ (2.500) 

9 

0.148 

2 200 
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Table 13. St and ahd-weight Iron-pipe and -tube Dimensions 


Nominal 
size, in. 

: \ 

Diameter, in. 

Thickness, 

in. 

OD 

ID 


0.405 

0.269 

0.068 


0.540 

0.364 

0.088 

% 

0.675 

0.493 

0.091 

3 ^ 

0.840 

0.622 

0.109 


1.050 

0.824 

0.113 

1 

1.315 

1.049 

0,133 

m 

1.660 

1.380 

0.140 

13 ^ 

1.900 

1.610 

0.145 

2 

2.375 

- 2.067 

0.154 

2M 

2.875 

2.469 

0.203 

3 

3.500 

3.068 

0.216 

3H 

4.000 

3.548 

0.226 

4 

4.500 

4.026 

0.237 

5 

5.563 

5.047 

0.258 

6 

6.625 

6.065 

0.280 

8 

8.625 

7.981 

0.322 

10 

10.750 

10.020 

0.365 

12 

12.750 

12.000 

0.375 

14 OD 

14.000 

13.250 

0.375 

16 OD 

16.000 

15.250 

0.375 

18 OD 

18.000 

17.182 

0.409 
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Table 14, 

Values op (1 + iY 

' FOR Given ' 

Values 

OF i J 

4.ND n 


4 

n 

0,01 

0.02 

0.03 

0.04 

0,05 

0.06 

0.07 

0.08 

0.09 

0.10 

1 

1.01 

1.02 

1.03 

1.04 

1.05 

i.oe 

1.07 

1.08 

1.09 

1.10 

2 

1.020 

1.040 

1.061 

1.082 

1.103 

1.124 

1.145 

1.666 

1.186 

1.210 

3 

1.030 

1.061 

1.093 

1.126 

1.158 

1.191 

1.225 

1.260 

1.266 

1.331 

4 

1.041 

1.082 

1.126 

1.170 

1.216 

1.262 

1.811 

1.360 

1.411 

1.464 

5 

1.051 

1.104 

1.169 

1.217 

1.276 

1.338 

1.403 

1.460 

1.530 

1.611 

6 

1.062 

1.126 

1.194 

1.265 

1.340 

1.419 

1.601 

1.687 

1.677 

1.772 

7 

1.072 

1.149 

1.230 

1.316 

1.407 

1.604 

1.606 

1.714 

1.828 

1.940 

8 

1.083 

1.172 

1.267 

1.369 

1.477 

1.504 

1.718 

1.851 

1.002 

2.144 

9 

1.094 

1.195 

1.306 

1.423 

1.651 

1.689 

1.888 

1.000 

2.171 

2.858 

10 

1.146 

1.219 

1.344 

1.480 

1.629 

1.791 

1.067 

2.150 

2.367 

2.604 

11 

1.116 

1.243 

1.384 

1.639 

1.710 

1.898 

2.106 

2.332 

2.580 

2.863 

12 

1.127 

1.268 

1.426 

1.601 

1.796 

2.012 

2.252 

2.518 

2.813 

3.138 

13 

1.138 

1.294 

1.469 

1.665 

1.886 

2.133 

2.410 

2.720 

3.066 

3.462 

14 

1.149 

1.319 

1.613 

1.732 

1.980 

2.251 

2.679 

2.937 

3.342 

3.797 

15 

1.161 

1.346 

1.558 

1.801 

2.079 

2.397 

2.759 

3.172 

3.642 

4.177 

16 

1.172 

1.373 

1.606 

1.873 

2.183 

2.540 

2.952 

3.426 

3.970 

4.596 

17 

1.184 

1.400 

1.653 

1.948 

2.292 

2.693 

3.159 

3.700 

4.328 

5.054 

18 

1.196 

1.428 

1.702 

2.026 

2.407 

2.854 

3.380 

3.996 

4.717 

6.660 

19 

1.208 

1.457 

1.754 

2.107 

2.527 

3.026 

3.617 

4.316 

5.142 

6.116 

20 

1.220 

1.486 

1.806 

2.191 

2.653 

3.207 

3.870 

4.661 

5.604 

6.727 

21 

1.232 

1.616 

1.860 

2.279 

2.786 

3.400 

4,141 

5.034 

6.109 

7.400 

22 

1.244 

1.546 

1.916 

2.370 

2.952 

3.604 

4.430 

5.437 

6.659 

8.140 

23 

1.257 

1.577 

1.974 

2.465 

3.072 

3.820 

4.741 

6.871 

7.258 

8.954 

24 

1.270 

1.608 

2.033 

2.663 

3.225 

4.049 

6.072 

6.341 

7.911 

9.850 

25 

1.282 

1.641 

2.094 

2.666 

3.386 

4.292 

6.427 

6.848 

8.623 

10.835 

26 

1.295 

1.673 

2.157 

2.772 

3,556 

4.549 

5.807 

7.396 

9.399 

11.916 

27 

1.308 

1.707 

2.221 

2.883 

3.733 

4.822 

6.214 

7.988 

10.245 

13.110 

28 

1.321 

1.741 

2.288 

2.999 

3.920 

6,112 

6.649 

8.627 

11.17 

14.421 

29 

1.334 

1.776 

2.357 

3.119 

4.116 

5.418 

7.114 

9.317 

12.17 

15.66 

30 

1.348 

1.811 

2.427 

3.243 

4.322 

5.743 

7.612 

10.06 

13.27 

17.45 

31 

1.361 

1.848 

2.600 

3.373 

4.538 

6.088 

8.145 

10.87 

14,46 

19.10 

32 

1,374 

1.885 

2.575 

3.508 

4.765 

6.453 

8.715 

11.74 

15.76 

21,11 

33 

1.388 

1.922 

2.652 

3.648 

5.003 

6.841 

9.325 

12.68 

17.18 

23.23 

34 

1.402 

1.961 

2.732 

3,794 

5.253 

7.251 

9.978 

13.69 

18.73 

25.55 

35 

1.416 

2.000 

2.814 

3.946 

5.516 

7.686 

10,68 

14.79 

20.41 

28.10 

36 

1.430 

2.040 

2.898 

4,104 

5.792 

8,147 

11.42 

15.97 

22.25 

30.91 

37 

1.445 

2,081 

2.985 

4.268 

6.081 

8.636 

12.22 

17.25 

24.25 

34.00 

38 

1,460 

2.122 

3.075 

4.439 

6.385 

9.154 

13.08 

18.63 

26.44 

37.40 

39 

1.474 

2.165 

3.167 

4.616 

6,705 

9.704 

13.99 

20.12 

28.82 

41.14 

40 

1.489 

2.208 

3,262 

4.801 

7.040 

10.29 

14.97 

21.72 

31.41 

45.26 
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Table 15. Values of 


i 

(1 + i)" - 1 


FOR Giten Values of i and 


n 




i 

n X 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0.08 

0.09 

0.10 

1 

i.ooooc 

1 .ooooc 

1.OOOOC 

1.OOOOC 

1 i.oootx 

) 1.00000 

fl.OOQOO 

1.OOOOC 

^ 1. OOOOC 

11.00000 

2 

0.4975 

0.4951 

0.4926 

0.4902 

0.4878 

0.4854 

0.48-38 

0.4808 

0.4785 

0.4762 

3 

0.3283 

0.3268 

0.3235 

0.3203 

0.3172 

0.3141 

0.3111 

0,3080 

0.3051 

0.3021 

4 

0.2463 

0.2426 

0.2390 

0.2355 

0.2320 

0.2286 

0.2252 

0.2219 

0.2187 

0.2155 

5 

0.1960 

0.1922 

0.1884 

0.1846 

0.1810 

0.1774 

0.1739 

0.1705 

0.1671 

0.1638 

6 

0.1625 

0.1585 

0.1546 

0.1508 

0.1470 

0.1434 

0.1398 

0.1363 

0.1329 

0.1296 

7 

0.1386 

0.1345 

0.1305 

0.1266 

0.1228 

0.1101 

0.1156 

0.1121 

0.1087 

0.1054 

8 

0.1207 

0.1165 

0,1125 

0.1085 

0.1047 

0.1010 

0.09747 

0.09402 

0.09067 

0.08744 

9 

0.1067 

0.102.5 

0.09842 

0,09449 

0.09069 

0.08702 

0.08349 

0.08008 

0.07680 

0.07364 

10 

0.09558 

0.09133 

0,08723 

0.08329 

0,07951 

0.075B7 

0.07238 

0.06903 

0.06582 

0.06275 

11 

0.03645 

0.08218 

0.07808 

0.07415 

0.07039 

0,06679 

0.06336 

0.06008 

0.05695 

0.05396 

12 

0.07885 

0.07456 

0.07046 

0.06655 

0.06283 

0.05928 

0.05590 

0.05270 

0.04965 

0,04676 

13 

0.07241 

0.06812 

0.06403 

0,06014 

0.05646 

0.05296 

0.04965 

0.04652 

0.04357 

0.04078 

14 

0.OG690 

0.06260 

0.05853 

0.05467 

0.06102 

0,04759. 

0.04435 

0.04130 

0.03843 

0.03575 

15 

0.06212 

0.05783 

0.05377 

0.04994 

0.04634 

0.04206 

0.03980 

0.03683 

0.03406 

0.03147 

16 

0.05794 

0.05365 

0.04961 

0.04582 

0.04227 

0.03895 

0.03586 

0.03298 

0.03030 

0.02782 

17 

0.05428 

0.04997 

0,04595 

0.04220 

0.03870 

0.03545 

0.03243 

0.02963 

0.02705 

0.02460 

18 

0,05098 

0.04670 

0.04271 

0.03899 

0.03555, 

0.03236 

0.02941 

0.02670 

0.02421 

0.02193 

19 

0.04805 

0.04378 

0.03981 

0!03614 

0.0327S 

0.02962 

0.02675 

0.02413 

0.02173 

0.01955 

20 

0.04542 

0.04116 

0.03722 

0.03358 

0.03024 

0.02719 

0,02439 

0.02185 

Q. 01955 

0,01746 

21 

0.04303 

0.03879 

0.03487 

0.03128 

0.02800 

0.02501 

0.02229 

0.01983 

0.01762 

0.01562 

22 

0.04086 

0.03663 

0.03275 

0.02920 

0.02597 

0.02395 

0.02041 

0.01803 

0.01590 

0,01401 

23 

0.03889 

0.03467 

0,03081 

0.02731 

0.02414 

0.'02128 

0.01S71 

0.01642 

0.01438 

0.01257 

24 

0.03707 

0.03287 

0.02905 

0.02559 

0.02247 

0.01068 

0.01719 

0,01498 

0.01302 

0.01130 

25 1 

0.03541 

0.03122 

0.02743 

0.02401 

0.02095 

0.01823 

0.01581 

0.01368 

0,01181 

0.01017 

26 

0.03337 

0.02970 

0.02594 

0.02257 

0.01956 

0.01690 

0.01456 

0.01251 

0.01072 

0.00916 

27 

0.03245 

0.02829 

0.02456 

0.02124 

0.01^29 

0.01570 

0.01343 

0.01145 

0.00974 

0.00826 

28 

0.03112 

q.02697 

0.02329 

0.02001 

0.01712 

0.01459 

0.01230 

0,01049 

0.00885 

0.00745 

29 

0.02990 

0,02578 

0.02212 

0.01888 

0.01605 

0.01358 

0.01145 

0.00962 

0.00806 

0.00673 

30 

0.02875 

0,02465 

0.02102 

0.01783 

0.01505 

0.01265 

0,010501 

0.00883 

0.00734 

0.00608 

. 31 

0.02768 

0.02360 

0.02000^ 

0.016861 

0.01413 

0.01179 

0.009801 

3.00811 

0.00669 

0.00550 

32 

0.02667 

0,02261 

0.01905( 

0.01595 ' 

0.01328 

0.01100 ^ 

0.00907 1 

>. 00745 

0.00610 

0.00497 

33 

0.02573 

0.02169 

0.01816 1 

0.015101 

0.01249 

0.010271 

O.OOS4I 1 

3.006851 

0,00524' 

0.00450 

34 1 

9.02484 

0.02082 

0.01732 i 

0.014321 

0.01176 1 

0.00960 < 

3.00780 i 

3.006301 

0.00508 ^ 

0.00407 

35 1 

3.024001 

0.02000 

0.01654 ! 

0.9135EI 

0.011071 

0.00897 ( 

0.007231 

3.00580 \ 

0.00464 ' 

0.00369 

36 i 

3.02321 ^ 

0.01923 

3.01580 ( 

0.01289 4 

0.01043 1 

O.OOS40I 

3.00672 < 

>.O0535< 

0.004241 

>.00334 

37 i 

3.02247 < 

0.O1S51 

0. 01511 ( 

0.01224 1 

1.00984 ^ 

0.00786 ^ 

>,006241 

>.004921 

>.003871 

>.00303 

38 i 

3.02176 ( 

0.01782 

3.01446 ( 

1.0U63< 

1.00928 ^ 

3.00736 i 

J. 005801 

3,004541 

>.00354 1 

3.00276 

39 ( 

3.02109,1 

0.01717 

1.01384 ( 

>.01106 t 

>.00877 i 

3.00689 ( 

3.00539 ( 

3.00419 1 

3.003241 

3.00249 

40 1 

1.02046 < 

0.01656 

1.01326 0.01052 < 

>.00828 i 

3.006461 

3.00501 ( 

3.003861 

3.00296 1 

>.00226 
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Table 16. Values of 


-;-:r— for Given Values of i and n 

1 - (1 + t)-” 


i 

n X 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0,08 

0.09 

0.10 

1 

1.01000 

1,02000 

1.03000 

1.04000 

1.05000 

1.06000 

1.07000 

1.08000 

1.09000 

1.10000 

2 

0.5D75 ■ 

0.5151 

0.5226 

0.5302 1 

0.5378 

0.5454 

0.5538 

0.5008 

0.6685 

0.6762 

3 

0,3400 

0,3468 

0.3535 

0.3603 

0.3672 

0.3741 

0.3811 

0.3880 

0.3951 

0.4021 

4 

0.2563 ' 

0,2626 

0.2690 

0.2755 

0.2820 

0.2886 

0.2952 

0,3010 

0.3087 

0.3165 

5 

0.2060 

0.2122 

0.2184 

0.2246 

0,2310 

0.2374 

U.2430 

0,2505 

0.2571 

U.2638 

6 

0.1725 

0,1785 

0.1846 

0.1908 

0,1970 

0,2034 

0, 2098 

0.2163 

0.2229 

0.2296 

7 

0.1480 

0,1646 

0.1605 

0.1666 

0.1728 

0.1791 

0.1856 

1921 

0.1987 

0.2064 

8 

0.1307 

0.1365 

0.1425 

0.1485 

0.1547 

O.IGIO 

0.1675 

0.1740 

0.1807 

0.1874 

9 

0.1167 

0.1225 

0,1284 

0.1345 

0.1407 

0.1470 

0.1535 

0,1601 

0.1668 

9.1736 

10 

o.rDso 

0.1113 

0.1172 

0.1233 

0.1296 

0.1359 

0.1424 

D,1490 

0.1558 

0.1628 

11 

0.09645 

0.1022 

0,1031 

0.1142 

0.1204 

0.1268 

0.1334 

0.1401 

0.1470 

0.1540 

12 

0,08885 

0.09456 

0.1006 

0.1066 

0,1128 

0,1193 

0.1250 

0.1327 

0,1397 

0.1468 

13 

0,08241 

0,08312 

0.09403 

0.1001 

0.1066 

0,1130 

0,1197 

0.1265 

0.1336 

0.1408 

14 

0.07090 

0.08260 

0.03853 

0.09467 

0,1010 

0,1076 

0.1144 

0,1213 

0.1284 

0.1358 

15 

0,07212 

0.07783 

0.08377 

0.08994 

0.09634 

0.1030 

0.1098 

0,1168 

0,1241 

0.1315 

16 

0.06794 

0.07365 

0.07961 

0.08582 

0,09227 

0.09896 

0.1059 

0,1130 

0.1203 

0.1278 

17 

0,00426 

0.06997 

0.07595 

0.08220 

0,08370 

0.09545 

0.1024 

0,1096 

0.1171 

0.1247 

18 

0.00098 

0.06670 

0.07271 

0.07899 

0,08,565 

0,09236 

0.09941 

0.1007 

0.1142 

0.1219 

19 

0.05805 

0.06378 

0.06981 

0.07614 

0,08275 

0,08962 

0.00675 

0,1041 

0.1117 

0.1196 

20 

0.05642 

0.06116 

0.06722 

0.07358 

0,08024 

0.08719 

0,09439 

0.1019 

0.1096 

0.1175 

21 

0.05303 

0.06879 

0.06487 

0.07128 

0,07800 

0,08501 

0.09220 

0,09983 

0.1076 

0.1156 

22 

0.05086 

0.05663 

0.06275 

0.06920 

0.07697 

0.08306 

0.09041 

0.09803 

0.1059 

0.1140 

23 

0.04886 

0.05467 

0.06081 

0.06731 

0,07414 

0.08128 

0.08871 

0.00642 

0.1044 

0.1126 

24 

0.04707 

0.05287 

0,05905 

0.06559 

0,07247 

0,07968 

0,08710 

0,09498 

0.1030 

0.1113 

25 

0.04641 

0.05122 

0.05743 

0,06401 

0,07095 

0.07823 

0.08581 

0,00368 

0.1018 

0.1102 

26 

0-04387 

0.04970 

0,05595 

0.06257 

0,06966 

0,07690 

9.08450 

0.09251 

0.1007 

0.1092 

27 

0.04245 

0.04829 

0.05456 

0.06124 

0.06829 

0.07670 

0,08343 

0.09145 

0.09974 

0.1083 

28 

0.04112 

0.04697 

0.05329 

0.06001 

0.06712 

0,074.59 

0.08239 

0.09040 

0.09885 

0.1075 

29 

0.03990 

0.04578 

0.05212 

0.05888 

0.06605 

0,07358 

0.08145 

0.08962 

0.09806 

0.1067 

30 

0.0.3875 

0.04465 

0.05102 

0.05783 

0.06605 

0.07265 

0.08059 

0.03883 

0.09734 

0.1061 

31 

0,03768 

0,04360 

0.05000 

0.05686 

0,06413 

0.07179 

0.07080 

0,08811 

0.09669 

0.1055 

32 

0.03067 

0.04261 

0.04905 

0.05595 

0,06328 

0,07100 

0.07907 

0.08745 

0.09610 

0.1050 

33 

0.03573 

0.04169 

0.04816 

0.05510 

0,06249 

0.07027 

0,07841 

0.08685 

0.09624 

0.1045 

34 

0.03484 

0.04082 

0.04732 

0.05432 

0.06176 

0.06960 

0.07780 

0,08630 

0.09508 

0.1041 

35 

0.03400 

0.04000 

0,04654 

0.05358 

0.06107 

0,06897 

0,07723 

0.0S530 

0.09464 

0.1037 

36 

0.03321 

0,03923 

0.04580 

f0.05289 

0. D6043 

0.06840 

f0.07672 

0.08535 

0.09424 

0.1033 

37 

0.03247 

0.03S51 

0.04511 

0.05224 

0.05984 

:0.06786 

;0.07624 

0,08492 

0.09387 

0.1030 

38 

0,03176 

0.03782 

^0.04446 

i0.05163 

0.05928 

i0,06736 

i0,07580 

10.08454 

0.09354 

0.1028 

39 

0,03109 

0,03717 

0.04384 

t0.05106 

0,05387 

0.06680 

10,07530 

0.08410 

0.09324 

0.1025 

40 

0.03046 

i0.0305« 

i0.04326 

i 0.05052 

0.0582g|0,0664t 

i0.07501 

0.08386 

p0.09296|0.1023 












































































17. Experimental and Commercial Nuclear Power Plants {Continued) 
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Table 17. Experimental and Commercial Nuclear Power Plants (Continued) 
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Age factor, 653 
Air, combustion, 34 
dilution coefficient, 35 
excess, 34, 35, 118 
control, 44 
preheated, 123 
primary, 117, 120 
secondary, 117, 120, 123 
Air compressor, gas turbine, 473 
Air-fuel ratio, 34 
Air heaters, 181, 188 
Air-pollution control, 218 
Air rate, gas turbine, 76 
Air supply, calculation, 48 
Air tables, 724 
Aldehydes, 43 
Amortization, 555 
Annual costs, 564 

fixed-charge rate influence on, 568 
minimum, 565 

operating costs influence on, 569 
Annuity factors, principal, 735 
sinking fund, 734 
Annuity formulas, 551 
Anthracite coal, 16, 17 
Argonne experimental boiling water 
reactor, 428 
Ash, coal, 11 
pulverized coal, 131 
Ash-fusion temperature, coal, 14 
Ash handling, 203, 212 
Atmospheric dust dispersion, 219 
Availability, 597 
Availability factor, 652 


Ball mill, 135 
Ball-and-race mill, 137 
Bar-grate stoker, 121 
Benson boiler, 168 
Bin pulverizing system, 132 


Binary vapor cycle, 68 
Bituminous coal, 16, 17 
Block meter rate, 702 
Blowdown, boiler, 157, 360 
schedules, 362 
systems, 362 

Blowdown calculation, 361 
Boiler carryover, 155, 359 
Boiler Construction Code, ASME, 152 
Boiler downcomer, 153 
Boiler drum, steam purification, 155 
steam separation, 155 
Boiler-feed-pump drives, 306 
Boiler feed pumps, 305 
Boiler losses vs. excess air, 45 
Boiler-water concentration limits, 363 
Boilers, 161 
bent-tube, 163, 169 
circulation, forced, 164 
natural, 162 
circulation ratio, 153 

contr oiled-circulation, 156 
embrittlement, 363 
fire-tube, 161 
horsepower, 175 
performance, 175 
straight-tube, 153, 158 
supercharged, 483 
waste-heat, 462, 465, 483 
Bowl mill, 137 
Brake horsepower, 265, 436 
Brayton cycle, 73 
Breeding, nuclear, 412 
Bunker fuel oils, 21 
Burners, gas, 149 
multitip, 141 
oil, 146 

pulverized-coal, 140 
tilting, 142 
turbulent, 140 
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Calorimeter, bomb, 30 
Junker, 30 

Calorimetry, 28, 29, 30 ^ 

Capability, 598 
Capacity, evaluating new, 657 
with respect to load growth, 650 
selection of unit, 646 
Capacity factor, 593, 624 
Capacity probability analysis, 598 
Capacity reserve, 634 
Capacity scheduling, 634 
Capitalized cost, 574 
Carryover, boiler, 155, 359 
Central-station capacity, 6 
Central-station turbine generators, 244 
Chain-grate stoker, 121 
Chain reaction, 411 
Cinder catchers, 222 
Cinder vane fans, 222 
Cinders, 216 

Circulation, boiler {see Boilers) 
Closed-cycle gas turbine, 74, 79 
Closed feedwater heaters, 291 
CO 2 vs. excess air, 44 
Coal, 9 

analysis, combustible, 11 
composition and, 9 
dry-basis, 11 
proximate, 12 
as-received, 11 
types, 11 
typical, 13 
ultimate, 9 

ash-fusion temperature, 14 

caking, 14 

clinkering, 14 

coking, 14 

fixed carbon, 12 

free-burning, 14 

friability, 14 

grindability, 14 

handling, 203, 208, 209, 211 

heating value, 13, 14 

mineral matter, 9 

properties, 14 

pulverized, 131 

pulverizers, 134 

ranks, 15 

reserves, 16 

storage, 210 

subbituminous, 16 

volatile combustible matter, 12 


Coal ash, 11 

Coal classification, 12-14 
ASTM standard, 15, 16 
Ralston, 15 
ranks, 15 

Coal fields. United States, 9, 10 
Coal moisture, 9 
Coal substance, 9 

Collectors, dust, efficiency of, 221, 228 
solar, 526 

Combustibles, coal, 11 
and products, 36 
properties, 36 
Combustion, 31 
air, 34 

air supplied, 46 
calculations, 47 
chemistry, 31 
c-i engine, 440 
mechanics, 42 
overfeed, 119 
practical, 117 
s-i engine, 441 
underfeed, 119 

Combustion chambers, c-i engines, 450 
Combustion conditions, 117 
Combustion control, 380 
compressed-air systems, 383 
electric-type systems, 383 
requirements, 381 

Combustion-control equipment, 381 
Combustion-gas products, 37, 119 
• Combustion gases, analysis, 39 
dry-gas, 39 
calculations, 38 
corrosiveness, 42 
dew-point temperature, 42 
water vapor, 42 
Combustion processes, 42, 119 
actual, 46, 119 
Combustor, gas turbine, 473 
Compression-ignition (c-i) cycle, 71 
Compression-ignition engine, combustioni 
440 

combustion chambers, 450 
Compression ratio, gas-turbine cycle, 73 
Otto cycle, 70 

Condensers, air ejectors, 281 
auxiliaries, 280 
cleaning, 285 
direct-contact, 278 
energy equations, 272 
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Condensers, energy relations, 366 
installation, 283 
performance, 283 
pressure, 280 
steam, 272 
surface, 273 
theory, 272 
tube-sheet layout, 276 
tubes, 275 

Condition curve, steam turbine, 258 
Conduction, 84 

cylindrical walls, 86 
steady-state, 85 
Conductivity, thermal, 86 
Control, combustion, 380, 381, 383 
Control arrangements, steam station, 378 
Control system, centralized, 379 
Controlled-circulation boilers, 155 
Controls, steam station, 377 
Convection, 84 
forced, 84, 92 
free, 84, 93 

Convection heat-transfer coefficients, 90 
Cooling towers, 374 
approach, 375 
cooling range, 375 
Cooling water, air binding, 370 
fouling, 372 
open systems, 367 
pump intakes, 370 
pumping cost, 368 
pumping heads, 370 
siphon recovery, 371 
sources, 366 
supply, 366 
system layouts, 370 
water hammer, 372 
Cooling-water systems, special design, 
373 

Corrosion, 357 
Cost, diesel-plant, 608 
equipment, 607 
fuel, 561, 667 

maintenance, labor, and materials, 
561, 562 
money use, 546 
operating, 561, 563 
service, 545 
steam plant, 608 
unit energy, 665 
(*Sfie also Annual costs) 

Counter-flow heat exchangers, 100, 102 


Curtis stage turbine, 239 
Cycle, binary vapor, 68 

combination steam-gas turbine, 78, 482 
compression-ignition, 71 
diesel, 71 

free-piston compressor, 72 
gas-turbine, regenerative, 74 
heat, 26 

Cycle heat rate, 68 
diesel, 71 
dual c-i, 71 
engine, 436 
Rankine, 59 
regenerative, 64 

heater effects on efficiency, 66 
reheat, 62 

reheat-regenerative, 67 
simple gas turbine, 73 
spark-ignition, 69 
Cycle steam rate, 68 
Cycles, energy, 57 
factors, 58 
gas power, 69 

thermodynamic analysis, 58 
work ratio, 59 
Cyclone furnace, 144 
Cyclonic separators, 224 

Dampers, 122 
Dams, conduits, 504 
earth-filled, 496 
gates, 502 
headworks, 504 
hydraulic, 496 
masonry, 496 
rock-filled, 496 
timber, 496 

Deaerating heaters, 288 
Demand factor, 581 
Demand variation, 584 
Depreciation, 555, 557 
Depreciation charges, disposal, 558 
Dew-point temperature, combustion 
gases, 42 
Diesel cycle, 71 
Diesel-plant costs, 608 
Dilution coefficient, 35 
Dimensionless groups, 91 
Direct-contact condensers, 278 
Direct-contact heaters, 288 
Direct-fired pulverizing system, 133 
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Diversity factor, group, 581 
peak, 581 

Doherty rate, 705 / 

Draft-system flow resistances, 193 
Draft systems, 192 
Drainage area characteristics, 494 
Drum internals, 156, 360 
Dry-gas calculation, 47 
Dual c-i engine cycle, 71 
Dual c-i engine thermal efficiency, 71 
Duct friction loss, 105 
Dump gas, 150 
Dumping grate, 125 
Dust, collection, 216 
efficiency, 221, 228 
dispersion, atmospheric, 219 
measurement, 216 
types, 216 

Economic comparisons, summary, 575 
Economic energy problems, 641 
Economic problem, general, 545 
Economic selection methods, 563 
Economics, 545 
Economizers, 181, 186 
low-temperature, 190 
Effectiveness, regenerator, 75 
Efficiency, dual c-i cycle, 71 
dust collection, 221, 228 
engine, 58 

furnace absorption, 105 
gas turbine regenerative cycle, 75 
isentropic compression, 59 
Otto cycle, 70 
Rankine cycle, 59, 62 
• backpressure effect, 61 
throttle steam conditions, 62 
regenerative cycle,' 65 
reheat cycle, 63 

reheat pressure effect, 64 
reheat-regenerative cycle, 68 
simple-gas-turbine cycle, 73 
thermal (see Thermal efficiency) 
Efficiency curve, 613 
Electrostatic precipitators, 227 
Embrittlement, boiler, 363 
Emissions, fuel-burning, 219 
Emissivities, heat transfer, 98 
Energy, geothermal, 535 
raw, 3 
solar, 525 


Energy balance, steam generator, 48 
Energy consumption, 3 
Energy cycles, 57, 58, 69 
Energy-load curve, 589 
Energy processing, 8 
Energy rates, 697 
Energy rejection, condenser, 366 
Energy source developments, 524 
Energy supply, 524 
Energy transmission, 602 
Engines, classification, 435 
cycles, 436 
fuels, 438 

operating efficiency, 26 
steam, 262 
types, 264 

Enrico Fermi Plant, fast breeder, 430 
Equipment, cost, 607 
replacement, 671 
selection, 604 
testing, 617 
Evaporation, rain, 490 
Evaporators, 288, 296 
Excess air, 34, 118 
calculation, 46 
vs. CO 2 , 44 
control, 44 
vs. O 2 , 45 
ranges, 46 

Exhaust loss, steam turbine, 258 
Exhaust pressure, Rankine cycle 
efficiency, 61 


Fan characteristics, 195 
Fan control, 199 
Fan drives, 199 
Fan selection, 197 
Fans, auxiliary, 200 
forced-draft, 197 
induced-draft, 199 
Feeder, pulverizer, 134 
Feedwater control, 385 
Feedwater heaters, 288 
closed, 291 
design, 294 
direct-contact, 288 
draining, 293 
plant layout, 298 
Financial mathematics, 549 
Fire-tube boilers, 161 
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Firing, fuel-bed, 117 
suspension, 131 
Fittings, resistances, 109 
Fixed charges, 546, 559 
Flat demand rate, 698 
Flow-duration curve, 495 
Flue-dust collection, 220 
Flue-dust disposal, 228 
Flue gas, calculation, 48 
analysis, 43 
Fluid friction, 84 
Fluid properties, 91 
Fly ash, 216 
Forced-draft fans, 197 
Free-piston compressor cycle, 72 
Friction factor, 108 
Friction losses, pipes and ducts, 105 
Fuel, air requirements, theoretical, 34 
Fuel-bed combustion, 118 
Fuel-bed firing, 117 
Fuel-burning emissions, 219 
Fuel cells, 538 
Fuel costs, annual, 561 
incremental, 667 
Fuel-gas handling, 214 
Fuel-gas mixture, density, 35 
Fuel-oil handling, 214 
Fuel-oil specifications, 22 
Fuel-oil types, 20 
Fuel reserves, 16 
Fuels, byproduct, 25 

complete combustion conditions, 35 
cost, 26 
delivery, 602 

engine, internal-combustion, 435, 438 
formulas, chemical, 36 
handling, 27, 203, 214 
heating value, 36 
manufactured, 25 
molecular weight, 36 
nuclear, 411 
man-made, 412 
purchasing, 25 
refuse, 25 
sampling, 27 
selection, 25 
Furnaces, 117 
absorption efficiency, 105 
arches, 122 
bottoms, 174 
construction, 171 
cyclone, 144 


Furnaces, design, 170 
heat transfer, 103 
pressurized, 200 
pulverized-coal, 131 
slag-tap, 141 
waterwalls, 172 

Gas, analysis conversion, 33 
molecular weight of mixture, 33 
natural, 23 

Gas analyzer, Orsat, 43 
Gas-burning systems, 148 
Gas fields, 23 
Gas load curves, 588 
Gas power cycles, 69 
Gas scrubbers, 224 
Gas tables, 724 

Gas-turbine cycle, capacity vs. inlet air 
temperature, 77 
combination, 78, 482 
intercooling, 76 
regenerative, 74 
reheat, 76 
simple, 73 
water injection, 81 
Gas turbines, air compressor, 473 
auxiliaries, 476 
combustor, 473 
controls, 476 
cooling, 481 
duct systems, 479 
fuels, 481 
regenerative, 477 
Geothermal energy, 535 
Governing, reheat turbine, 253 
speed-regulation curves, 251 
steam engine, 264 
turbine, hydraulic, 512 
steam, 248, 377 
Governing valves, turbine, 250 
Grate, 118 
dumping, 125 
Grindability, coal, 14 


Handling systems, 203 
Hardgrove coal grindability, 139 
Headworks, dam, 504 
Heat balance, power station, 317, 330 
calculations, 330 
typical plants, 330 
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Heat cycle, operating efficiency, 26 
Heat exchangers, 99 

extended-surface, 102 # 

shell-and-tube, 101 
Heat rate, average, 618 
cycle, 68, 71 
station, 259, 333, 401 
turbine, 259 
Heat-rate curve, 613 
steam turbine, 258 
Heat release rates, 125, 170 
Heat transfer, 84 
boiling liquids, 94 
combined effects, 88 
condensing vapors, 94 
convection coefficients, 90 
convection flow equations, 92 
emissivity, 98 
fllm coefficients, 88, 101 
furnace, 103 
radiation, 96 
thermal resistance, 85 
Heaters, miscellaneous, 296 
Heating value, calorimetry, 28 
coal, 13, 14 
higher, 14, 36 
lower, 14 
oil, 21, 440 

Hopkinson demand rate, 704 
Horsepower, brake, 265, 436 
indicated, 265, 436 

HRT (horizontal-return-tubular) boiler, 
161 

Hydraulic diameter, 106 
Hydraulic structures, 489 
Hydraulic turbines, 506 
axial flow, 508 
Francis, 510 
impulse, 510 
Pelton, 510 
performance, 513 
pressure control, 511 
propeller, 508 
speed control, 511 
Hydro plants, 487 

Hydro power plants, auxiliaries, 518 
economics, 662 
high head, 517 
low head, 518 
medium head, 516 
operation, 521, 636, 662 
pumped storage, 521 


Hydro power plants, reversible pump- 
turbine, 522 
system operation, 523 
Hydro power stations, 515 
Hydrograph, 494 
Hydrological cycle, 489 
Hydroxylated compounds, 43 


Ignition delay, c-i engine, 72, 441 
Ignition temperatures, 118, 140 
Impulse turbine, steam, 230 
Incremental fuel cost, 667 
Incremental load division, 626 
Incremental rate curve, 613, 627 
Indicated horsepower, 265, 436 
Indicator diagrams, i-c engines, 434, 436 
steam engines, 262 
Induced-draft fans, 199 
Industrial-type turbines, 243 
Input-output curve, 612 
Insurance, 559 

Interconnections, system, 677 
Inter cooling, gas-turbine cycle, 76 
Interest, 546 
compound, 547 
table, 733 

Interest applications, 546 
Interest rates, effective, 553 
nominal, 553 

Internal-combustion engine plants, 460 
Internal-combustion engines, 435 
*air admission, 436, 449 
applications, 460 
developments, 452 
fuel admission, 436, 445 
fuel nozzles, 448 
ignition methods, 436 
indicator diagrams, 436 
municipal plant, 470 
performance, 451 
pressure-time diagrams, 436 
sewage-treatment plant, 465 
specific fuel consumption, 452 
steam plant, 469 
structural materials, 443 
structures, 444 
supercharging, 449 
systems, air-intake, 460 
cooling, 463 
exhaust-gas, 462 
fuel, 462 
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Internal-combustion engines, systems, 
injection, 446 
lubricating-oil, 464 
starting, 465 
types, 437 

waste-heat recovery, 465 
Investment, 554 
justifiable, 572 
Investment charges, 546 


Joule cycle, 73 
Justifiable investment, 572 


Knocking, 441' 


La Mont boiler, 168 
Land cost, 604 
Lignite, 16 
:LMTD, 100, 101 
Load-curve analysis, 589 
Load curves, 580 
chronological, 589 
duration, 589, 619 
typical, 585 
Load division, 626 
Load factor, 592, 624 
Load variation, 584 
steam station, 377 
Loeffler boiler, 168 

Logarithmic mean temperature difference 
(LMTD), 100, 101 
Louver-type separator, 227 
Low-thermal-head plants, 534 


Mole, combustion, 31 
hypothetical, 32 

Molecular weight, gas mixture, 33 
Mollier chart, 716 

Multiple-retort underfeed stokers, 126 

Natural draft, 192 
Natural gas, analysis, 23 
heating value, 23 
Neutron, fast, 412 
thermal, 412 

Nozzle action, turbine, 232 
Nozzle efficiency, 235 
Nozzles, flow equations, 234 
Nuclear fuels, 411 
Nuclear power plants, table, 736 
Nuclear power stations, 411 

Obsolescence, 556 
Oil, 18 

classification, 21 
composition and analysis, 18 
heating value, 21, 440 
specific gravity, 20 
Oil burners, 146 
Oil-burning systems, 145 
Oil fields, 18 
Oil properties, 20 
Open gas-turbine cycle, 74 
Operating costs, annual, 561, 563 
Operating labor, annual cost, 561 
Operating taxes, 562 
Orsat gas analyzer, 43 
Otto cycle, 69 
Overfeed combustion, 119 
Oxygen vs. excess air, 45 


Maintenance, labor, and materials cost, 
562 

Mathematics, financial, 549 
Maximum demand, 580 
Mechanical draft, 192 
Mechanical-drive turbines, 241 
Mercury-steam cycle, 68 
Meteorological plants, 487 
Mills, coal, 134 
Mineral matter, coal, 9 
Mixing heaters, 288 
Moisture, coal, 9 
exhaust, 60 


Parallel-flow heat exchangers, 100, 102 
Parr formula, coal, 12 
Performance, i-c engines, 451 
hydraulic turbines, 513 
steam turbines, 256 
Performance data, origin, 617 
Petroleum, 18 
(#See also Oil) 

Photovoltaic cells, 526 
Pipe fittings, 325 
Pipes, friction loss, 105 
insulation, 325 
joints, 325 
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Pipes, pressure loss, 317 
size, 317 
strength, 317 
supports, 321 

thickness, schedule numbers, 319 
wall, 318 , 

velocities, 318 
Piping, expansion, 321 
high-temperature effects, 321 
Piping elements, power station, 317 
Piping layouts, 325 
Piping systems, 317, 325 
Plant capacity, 597 
Plant costs, 607 
Plant location, 602 
Plant selection, 597 
Plutonium, 412 
Pondage, water, 495 
Power economics, 543 
Present worth, 573 
Pressure ratio, gas-turbine, 73 
Pressure-time diagrams, i-c engines, 436 
Pressurized furnaces, 200 
Pressurizer, Shippingport, 428 
Primary power, hydro, 493, 606, 662 
Prime movers, selection, 644 
steam, 230 

Probability analysis, capacity, 598 
Properties, fluid, 91 
Proximate analysis, coal, 12 
Pulverized coal, 131 
air supply, 140 
fineness, 140 
flow chart, 133 
Pulverized-coal burners, 140 
Pulverizers, ball, 135 
ball-and-race, 137 
bowl, 137 
classifiers, 137 
-coal, 134 
fans, 137 
feeders, 134 
performance, 139 
power consumption, 137, 139 
tube, 135 

Pulverizing, preliminary equipment, 133 
Pulverizing systems, 132 
Pumps, applications, 301 
boiler feed, 305 
circulating water, 307 
condensate drain, 306 
features, 301 


Pumpa, heater drain, 306 
horsepower, 301 
miscellaneous, 310 

net positive suction head (NPSH), 309 
performance, 313 
similarity equations, 302 
specific speed, 302 


Radiation heat transfer, 84, 96 
Rams, feeding, 126 
Ramsin boiler, 170 
Rankine cycle, 59 
Rate of return, 569 
Rate design, 707 
Rate form, general, 697 
Rateau stage, turbine, 239 
Rates, adjustments, 707 
block meter, 702 
Doherty, 705 
energy, 697 
flat demand, 698 
Hopkinson demand, 704 
step meter, 700 
straight meter, 699 
Wright demand, 705 
Reaction turbine, steam, 231 
Reactor, biological shield, 416 
boiling-water, 419, 428 
control rods, 416 
coolant flow, 416 
core, 414 
critical size, 413 
fast breeder, 420, 430 
fuel burnup, 416 
gas-cooled, 422 
homogeneous, 421 
moderator, 414 
nuclear, 413 
operation, 416 
pressurized-water, 417, 423 
reflector, 416 
shielding, 414 
sodium-graphite, 419 
vessel, 414 

Refractories, properties, 726 
Refractory furnace, 171 
Refuse calculation, 47 
Refuse removal, 174 
Regenerative cycle, 64 
efficiency, 65 
effects of heaters on, 66 
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Regenerative gas-turbine cycle, 74 
Regenerator, gas turbine, 75 
Reheat cycle, steam, 62 
Reheat gas-turbine cycle, 76 
Reheat-regenerative cycle, 67 
Reheaters, 181, 185 
Relative roughness, pipe, 106 
Replacing existing equipment, economics 
of, 671 

Reserve capacity, system, 597, 634, 651 
Reserves, fuel, 16 

Return, available for fixed charges, 571 
rate of, 569 
Reynolds number, 89 
Ringelmann chart, 216 
Runoff, 490 


Schmidt-Hartmann boiler, 168 
Secondary power, hydro, 493, 606, 662 
Seepage, 490 

Shaft output, i-c engine, 71 
simple gas-turbine cycle, 74 
Shell-and-tube heat exchangers, 101 
Shippingport nuclear power plant, 423 
Shippingport steam generators, 427 
Short-circuit ratio, 256 
Single-retort underfeed stokers, 129 
Sinking fund formulas, 551 
Slag-tap furnace, 141 
Smoke, 216 

Smoke density measuring system, 217 
Solar energy, 525 
Spark-ignition cycle, 69 
Spark-ignition engine combustion, 441 
Specific speed, hydro turbines, 508 
pumps, 302 

Speed-regulation curves, governing, 251 
Spillways, 501 
Spreader stokers, 124 
Stack draft, static, 192 
Standardized units, turbines, 247 
Stations, controls, 377 
hydro power, 515 
incremental rate, 632 
operating characteristics, 612 
performance characteristics, 612, 631 
steam (see Steam stations) 
Steam-cycle development, 392 
Steam engines, 262 
governing, 264 


Steam engines, performance, 265 
types, 264 

Steam generators, 151 
accessories, 163 
circulation, 152 
efficiency, 50 
energy balance, 48 
integral furnace, 160 
performance, 175, 633 
heat-balance method, 50 
rating, 174 
Shippingport, 428 
supercritical pressure, 401 
temperatures, 152 
water-tube, 158 
Steam load curves, 588 
Steam plant costs, 608 
Steam plant selection, 641 
Steam prime movers, 230 
Steam purification, boiler drum, 155 
Steam rate, cycle, 68 
Steam separation, boiler drum, 155 
Steam stations, automatic tripping, 388 
control arrangements, 378, 386 
instruments, 386 
nuclear-powered, 411 
performance trends, 399 
pressure trends, 391 
supercritical, layouts, 408 
plant components, 401 
supercritical pressure, 391 
Steam tables, 719 
high-pressure, 723 
Steam-temperature control, 385 
Steam turbines, flow patterns, 231 
forms, basic, 230 
performance, 256, 258, 630 
progress, 247 
supercritical pressure, 403 
Stefan-Boltzmann law, 97 
Step-meter rate, 700 
Stoker, bar-grate, 121 
chain-grate, 121 
spreader, 124 
traveling-grate, 121 
underfeed, 126, 129 
Storage, water, 495 
water table, 490 
Storage tanks, oil, 214 
Straight meter rate, 699 
Stream flow, measuring, 491 
Streamline flow, 89 
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Subbituminous coal, 16 
Supercritical-pressure cycle, 391 
Superheat-temperature control, #183 
Superheaters, 181 
Supervision cost, 562 
Supplies cost, 562 
Surface condensers, 273 
Suspension firing, 131 
Symbols, power-plant diagrams, 718 


Taxes, 558 
operating, 562 

Temperature control, superheater, 183 
Testing, equipment, 617 
Thermal conductivities, gases, 727 
insulating firebrick, 717 
insulating materials, 727 
miscellaneous substances, 728 
refractory firebrick, 717 
steels, 717 

Thermal conductivity, 86 
Thermal efficiency, dual c-i cycle, 71 
gas turbine, simple, 74 
Otto cycle, 70 
Rankine, 59, 62 
regenerative, 65, 67 
regenerative gas-turbine cycle, 75 
reheat, 63, 399 
reheat-regenerative, 68 
relation to heat rate, 260 
simple gas-turbine cycle, 73 ' 
Thermoelectric power, 540 
Thermoionic converter, 540 
Thermonuclear energy, 535 
Thorium, 413 
Tidal power, 532 
Tilting burners, 142 
Transmission, energy, 602 
Transpiration, vegetation, 490 
Traps, 323 

Traveling-grate stokers, 121 
Tube dimensions, 732 
BWG, 731 

Tube flow patterns, 89 
Tube mill, 135 

Tube-sheet layout, condensers, 276 
Turbine arrangements, 240 
Turbines, blade actions, 235 
blade efficiency, 237 
blade power, 236 
development, 230 


Turbines, engine efficiency, 257 
gas, 473 
generators, 254 
central-station, 244 
governing, 248 
governing valves, 250 
heat rate, 259 

hydraulic (see Hydraulic turbines) 
mechanical drive, 241 
nozzle action, 232 
nuclear power station, 247 
purchasing, 261 
reheat factor, 238 
specifications, 261 
stage efficiency, 237 
stages, 236 

standardized units, 247 
steam (see Steam turbines) 
steam-flow patterns, 231 
supervisory instruments, 260 
testing, 262 
types, 240, 242 
industrial, 243 
vector calculations, 238 
Turbulent burners, 140 
Turbulent flow, 89 
Tuyeres, 120 

Ultimate analysis, coal, 9 
Underfeed combustion, 118, 120 
Underfeed stokers, 126 
single, retort, 129 

* Unit energy cost, variation with capacity 
factor, 665 

Unit output, effect of age, 651 
Unit pulverizing system, 133 
Unit sizes, selection, 646 
Uranium, 411 
enriched, 412 
Uranium reserves, 18 
Utilization factor, 594 

Valves, 322 

Vector calculations, turbine, 238 
Velox boiler, 170 
Viscosity, gases, 730 
liquids, 730 

Water conditioning, 360 
Water impurities, 360 
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Water injection, gas-turbine cycle, 81 
Water pondage, 495 
Water power, 489 

Water problems, supercritical pressure, 
405 

Water removal, coal, 212 
Water supply, 603 
Water treatment, 350 
acid, 357 

demineralization, 356 
dissolved gas removal, 352 
evaporation, 357 
internal boiler, 359 
scale prevention, 352 


Water treatment, sludge removal, 352 
softening, hot-process phosphate, 353 
hydrogen zeolite, 356 
sodium zeolite, 354 
suspended matter removal, 352 
Water troubles, 350 
Water-tube steam generators, 158 
Water vapor, combustion gas, 42 
Waterwalls, boiler, 172 
Wave power, 533 
Willans line, steam turbine, 258 
Wind box, 122 
Wind power, 526 
Worth, present, 573 
Wright demand rate, 705 











